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CHAPTER 1: Abstract and Introduction 
1.1 Abstract 
Cytosolic nucleoside diphosphate kinases (NDPKs) have been implicated in a 
variety of signaling pathways that occur at membranes, including those that control cell 
migration and spreading. This is particularly intriguing, as cytosolic NDPKs (NDPK A 
and NDPK B) are soluble proteins and do not have membrane-binding motifs, leading to 
the question: how do NDPK's participate in such a wide array of membrane signaling 
processes? Our lab has shown that one portion of cytosolic NDPK is translocated to the 
ruffling plasma membrane upon activation of both receptor tyrosine kinases (RTKs) and 
G protein-coupled receptors (GPCRs) and that the Rac1 signaling pathway is responsible 
for that migration. Although NDPK does not bind directly to Rac1, it moves to the cell 
periphery in conjunction with Rac1. 
While investigating the association of cytosolic NDPK with the plasma 
membrane, we found that another pool of NDPK is bound to membrane vesicles that are 
associated with microtubules (Mt/Ves). A detailed study of this NDPK population shows 
that, unlike the pool that is involved in Rac1 signaling, NDPK’s presence in these 
vesicles is not dependent on extracellular stimulation; rather, it is controlled by the 
nucleotide triphosphate to nucleotide diphosphate ratio ([NTP]/[NDP]), as evidenced by 
the effect of nucleotides on Mt/Ves isolated from fibroblasts. More importantly, purified 
and cytosolic NDPKs bind to both immobilized lipids and liposomes in a nucleotide-
sensitive manner. This indicates that NDPK can bind directly to intracellular membrane 
compartments, most likely to provide CTP for phospholipid biosynthesis and GTP for the 
many small GTPases involved in microtubule-dependent traffic. 
1
We also found that NDPK localizes to yet another microtubule-based cell 
compartment: the sensory primary cilium, an organelle implicated in many signaling 
pathways. NDPK enters the cilium during its development, when it reaches about 5.5 
microns (or 24% of final primary cilia length) in A6 cells. In primary cilia NDPK is 
present in the soluble portion, or matrix, and in association with the membrane fraction. 
The function of NDPK within primary cilia is most likely to regenerate GTP for 
microtubule turnover and for signaling systems, making it an important contributor to 
primary cilia structure and function. 
 
2
  
 
1.2 Introduction: Nucleoside Diphosphate Kinase (NDPK) 
1.2.1 Structure and enzymatic activity 
Nucleoside diphosphate (NDP) kinases are ubiquitous enzymes that catalyze the 
rapid and reversible phosphorylation of nucleoside diphosphates (NDPs) by nucleoside 
triphosphates (NTPs), via a ping-pong mechanism involving a phosphohistidine 
intermediate, as schematized below:  
N1TP + E-His⇔N1DP + E-His-P (1a) 
E-His-P + N2DP⇔E-His + N2TP (1b) 
 During the reaction, which has been well studied and documented (reviewed in 
Lascu and Gonin, 2000), NDPK is transiently phosphorylated on a histidine residue 
located in a small cavity. The properties of the resulting covalent intermediate have been 
thoroughly investigated (Lascu and Gonin, 2000). NDPKs are very efficient enzymes, 
with a turnover number on the order of 1000/s, so each of the two steps is complete in 
less than 1 ms. Although NDPKs show preference for certain nucleotides, with GTP 
being favored by eukaryotic enzymes, they are not specific: the phosphate donor, N1TP, 
and the acceptor, N2DP, can be any of the nucleotides or deoxynucleotides found in cells, 
with ATP as the most likely donor because of its abundance. This lack of specificity is 
attributable to the absence of polar interactions between the protein and the base moiety 
of the nucleotide, which is largely exposed to the solvent. This is in contrast with the 
multiple interactions between the protein and the sugar and phosphate portions, which are 
buried in the active site (reviewed in Janin and Deville-Bonne, 2000).  
3
  
 NDPK activity is very high in most organisms, where it catalyzes the final step of 
the synthesis of nucleotides such as GTP, UTP and CTP. Thus, NDPKs play an important 
role in supplying the nucleotides essential for the metabolism of nucleic acids, lipids, 
proteins and sugars (Lacombe et al., 2000).  
 NDPKs are well conserved and have been found in almost all organisms, from 
bacteria to plants and mammals, excluding only mycoplasma. To date, there have been 
nine human nm23 genes identified (nm23-H1 to H9; for review see Lacombe et al., 
2000). The products of the first four genes have NDPK activity, and are highly 
homologous polypeptides composed of 152-187 amino acids. Studies of the 3D structure 
of these four NDPKs show that all form hexamers (Fig. 1). This is also true for most 
NDPKs including enzymes from insects and slime mold, with the exception of some 
bacterial enzymes, which are tetramers (Janin et al., 2000; Moynie et al., 2007). 
Hexamers isolated from mammalian cells are often of mixed composition (Gilles et al., 
1991), containing both NDPK A (also referred to as NM23-H1 in humans, see below) 
and NDPK B (NM23-H2), the two predominant isoforms in mammalian cells. NDPKs A 
and B are primarily cytosolic although both isoforms sometimes localize to the nucleus, 
and are found in all cells, while other members of the NDPK family are specific 
components of certain tissues or organelles. NDPK C (Dr-NM23) is expressed at much 
lower levels, mostly in liver and kidney, and has a hydrophobic N terminus extension that 
may serve as a membrane anchor; in contrast, NM23-H4 and NM23-H6, both 
mitochondrial, are widely distributed. NM23-H5 protein is expressed in the flagella of 
spermatids and spermatozoa, where it associates with axoneme microtubules (Munier et 
4
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al., 2003). NM23-H7, NM23-H8 and NM23-H9 are expressed in the testis and respiratory 
tract, and contain more than one NDPK domain. NM23-H7 consists of an N-terminal 
DM10 domain and two NDPK modules. The function of the DM10 domain, which also 
occurs in multiple copies in other proteins, is unknown. NM23-H8 (or Sptrx-2; Miranda-
Vizuete et al., 2003) is a fusion protein of an N-terminal thioredoxin domain followed by 
three NDPK domains, the first of which is truncated and the last two complete. NM23-H9 
(or Txl-2; Sadek et al., 2003) consists of an N-terminal thioredoxin domain and a C-
terminal NDPK domain. With the exception of H6, isoforms H5 to H9 have not been 
shown to have true NDPK activity (Lacombe et al., 2000).  
 Aside from the rephosphorylation of nucleoside diphosphates, NDPK has been 
reported to have many other functions. It reportedly phosphorylates substrates as diverse 
as proteins (Engel et al., 1995; Wagner and Vu, 1995; Freije et al., 1997; Wagner et al., 
1997; Wagner and Vu, 2000; Hartsough et al., 2002; Besant and Attwood, 2005, 
Srivastava et al., 2006) and geranyl and farnesyl pyrophosphates (Wagner and Vu, 2000). 
However, these non-NDPK activities are slow (measured in nmol/mg/min, as opposed to 
µmol/mg/min) and most are stoichiometric, rather than catalytic. Additionally, many of 
these experiments were carried out under non-physiological conditions. Indeed, the 
majority of these results have eventually been shown to be artifactual, arising from 
contaminating ADP, or to be non-enzymatic reactions that happen after the proteins are 
denatured (Bominaar et al., 1994; Levit et al., 2002). Similar artifacts are found in a 
number of studies that purport direct phosphorylation of the GDP bound to G proteins by 
NDPK (reviewed in Otero, 2000).  
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 Members of the NDPK/NM23 family of proteins are reportedly involved in 
growth, differentiation and development. Thus, loss of the Drosophila homolog of NDPK 
causes imaginal disc defects, leading to its name Awd (abnormal wing discs) (Dearolf et 
al., 1988a, 1988b; reviewed in Timmons and Shearn, 2000).  Awd is also involved in the 
mobilization and migration of epithelial cells that take place during normal embryonic 
development. Several studies have implicated NDPKs in cell differentiation and 
development of mammalian cells as well. For instance, mammary gland development is 
impaired in NDPK A knockout mice, and induction of differentiation in glioma cells 
results in increased expression of NDPK A (reviewed in Lombardi, 2006).  The 
biochemical mechanisms proposed to explain these diverse functions range from the 
DNA binding capability of NDPK to a role in transmembrane signaling; these novel roles 
of NDPK are briefly reviewed below.  
1.2.2 Additional functions of NDPK 
1.2.2.1 NM23 and metastasis 
NDPK was originally cloned from Dictyostelium discoideum (Lacombe et al., 
1990). The sequence was found to be identical to that of a 23-kDa protein, NM23, which 
was discovered in non-metastatic murine melanoma cells (Steeg et al., 1988) and found 
to be expressed at reduced levels in some metastatic cancers (for reviews, see Hartsough 
and Steeg, 2000; Roymans et al., 2002; Steeg, 2004; Boisson et al., 2005; Lombardi, 
2006; and Steeg and Theodorescu, 2008). Expression of NDPK A and NDPK B are both 
reduced in these metastatic tumors, but NDPK A is reduced to a larger extent, implying 
that the expression of the two isoforms is regulated by distinct mechanisms (Stahl et al., 
7
  
1991). Metastasis suppression by NDPK is reportedly not dependent on the enzyme’s 
NDPK activity (MacDonald et al., 1993; Kim et al., 2003). 
1.2.2.2 DNA binding and transcription regulation 
 NDPKs later proved to have cellular functions beyond nucleotide regeneration 
and metastasis suppression. Many members of this family bind DNA and can act as 
transcription factors; for instance, NDPK A and NDPK B bind to the promoter region and 
regulate the transcription of genes such as c-myc, platelet-derived growth factor (PDGF)-
A and p53 (Postel and Ferrone, 1994; Postel et al., 2000; Cho et al., 2001; Raveh et al., 
2001; Ma et al., 2002; Cervoni et al., 2003; Arnaud-Dabernat et al., 2004; Cervoni et al., 
2006). Binding of either isoform to the PDGF-A promoter leads to suppression of PDGF-
A’s transcription (Ma et al., 2002). One study also found that cytosolic NDPKs bind in 
vivo to the promoter of NDPK-A (Cervoni et al., 2006), suggesting that the transcription 
of these proteins is subject to feedback regulation. Some isoforms – NM23-H1, NM23-
H5, NM23-H7, and NM23-H8 - have 3’ to 5’-exonuclease activity (Yoon et al., 2005; 
Kaetzel et al., 2006). For example, NDPK A is involved in granzyme A-induced cell 
death (Fan et al., 2003; Martinvalet et al., 2005), acting as an exonuclease to create 
single-strand nicks in DNA (Chowdhury et al., 2006) and leading to apoptosis.  
1.2.2.3 Intracellular traffic 
NDPKs have been reported to play an important role in endocytosis. The 
Drosophila NDPK homolog, Awd enhances dynamin-mediated endocytosis, presumably 
by supplying GTP for dynamin, a GTPase (Krishnan et al., 2001). In MDCK cells, NDPK 
A is recruited by Arf6-GTP to areas of cell-cell contact where it promotes dynamin-
8
  
dependent vesicle fission of clathrin-coated vesicles and downregulates Rac1 (Palacios et 
al., 2002). NDPK A is also essential for von Hippel-Lindau tumor suppressor protein-
mediated endocytosis of the fibroblast growth factor (FGF) receptor 1 (Dammai et al., 
2003; Hsu et al., 2006). In addition, NDPK B contributes to the formation of the cytosolic 
coat protein complex II (COPII), which coats vesicles traveling from the endoplasmic 
reticulum (ER) to the Golgi apparatus (Kapetanovich et al., 2005). 
1.2.2.4 Signal transduction 
Members of the NDPK family also participate in signal transduction (reviewed in 
Otero, 2000). The Otero lab found that NDPK plays a role in the regulation of the 
muscarinic K+ channel (Xu et al., 1996). In this system, NDPK decreases the 
desensitization of the response of G protein-coupled inward rectifier potassium (GIRK) 
channel to muscarinic receptor activation (Otero et al., 1999); this function is unrelated to 
its kinase function. Also, NDPK B has been reported to activate the KCa 3.1 channel 
(Srivastava, et al., 2006). In another example of NDPK's participation in signal 
transduction, both NDPK A and NDPK B have been reported to inhibit Rac1 signaling. 
NDPK A apparently inhibits Rac1 activation through interaction with Tiam1 (Otsuki et 
al., 2001; Palacios et al., 2002), while NDPK B inhibits Rac1 and Cdc42 activation 
(Degani et al., 2002) when it is targeted to the cell periphery by engaged β1 integrins, 
where it complexes with the β1 integrin cytoplasmic domain associated protein (ICAP) to 
control cell migration and spreading (Fournier et al., 2002; Fournier et al., 2003). In 
addition, NDPK B has also been shown to allow Gαq-induced internalization of the 
thromboxane A2 receptor (TPβ; Rochdi et al., 2004) by inactivating Rac1. The latter 
9
  
report potentially demonstrates an interaction between NDPK B and a GPCR signaling 
pathway. However, the results were obtained in cells overexpressing both the TPβ 
receptor and NDPK B, and may not be representative of physiological conditions. In 
Drosophila, Awd promotes down-regulation of surface receptors such as Pvr (platelet-
derived growth factor/vascular endothelial growth factor receptor); Awd acts in 
collaboration with dynamin, thereby regulating the chemotactic signal strength 
(Nallamothu et al., 2008) 
NDPK A has been shown to regulate both TGFβ and p53 through its interactions 
with serine/threonine receptor associated protein (STRAP; Jung et al., 2007; Seong et al., 
2007), while NDPK B is associated with estrogen receptor-β (ERβ), which may play a 
role in cell migration (Rayner et al., 2007; Rayner et al., 2008). Putative interactions with 
GTP binding protein βγ subunits and GPCRs have also been described, and are reviewed 
in Hippe and Wieland (2006) and Wieland (2007). 
1.3 Summary 
Only a small part of the literature on NDPK/NM23 is cited here. However, it is 
clear that NDPKs are not just housekeeping enzymes, and have multiple roles in cells. 
The challenge is to determine how these proteins accomplish such a wide array of tasks. 
The work described here is based on the idea that a protein may have numerous roles 
depending on its location in the cell, and affect different steps of cellular events in these 
various locations. Determining the subcellular localization of cytosolic NDPKs and how 
it is achieved is an essential step in deciphering how they perform their diverse functions. 
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CHAPTER 2: Experimental Methods  
2.1 Cell culture and transfection 
NIH-3T3 fibroblasts and Madin-Darby Canine Kidney (MDCK) cells were grown 
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 2 
mM L- glutamine, 1 mM sodium pyruvate, 100 U/l penicillin and 100 µg/ml 
streptomycin at 37°C, in a humidified 5% CO2 atmosphere.  
In studies of the microtubule-associated vesicle fraction (Mt/Ves) cells were 
subcultured at 50-70% confluence; assays were performed between passages 2 and 8. For 
nucleotide depletion experiments, cultures were serum-deprived for 16 hours. Cells were 
either left untreated in controls or exposed to treatments as indicated. Controls for 
deoxyglucose/azide treatment were kept in low glucose medium. 
Primary cilia experiments on NIH-3T3 cells were performed in cells at passages 
4-7 that were 60-80% confluent and serum-deprived for 48-72 hours, all conditions that 
increase expression and length of primary cilia in this cell line (Tucker et al., 1983; 
Alieva et al., 1999). Xenopus A6 cells were grown at 28 °C in 1% CO2, in a medium 
composed of 40% Leibowitz L-15, 17% F-12K Nutrient Mixture (Kaighn's 
modification), 33% water, 8% fetal bovine serum, 1.6 mM L-glutamine, 80 U/L 
penicillin and 80 µg/ml streptomycin. Unless otherwise stated, A6 cells were cultured for 
7-9 days in complete medium after reaching confluence before fixation and staining.  
Transfections were performed using LipofectAMINE-2000 as recommended by 
the manufacturer. The EGFP fusion constructs used (courtesy of Dr. Marie-Lise 
Lacombe, INSERM, France) were made using Clonetech Living Colors vectors, and 
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consist of the vector pEGFP-N1 (control), pEGFP-N1-H1 (NDPK A) and pEGFP-N1-H2 
(NDPK B), with the coding sequence for NDPKs inserted at the N-terminus of the EGFP 
coding sequence. The resulting protein fusions are expressed under the control of the 
strong CMV promoter. The EGFP variant of GFP has enhanced fluorescence compared 
to GFP (35-fold increase) and the fusion proteins show greater solubility when expressed 
in mammalian cells. Fusions to the N-terminus of EGFP retain the fluorescent properties 
of the native protein, allowing the localization of the fusion protein in vivo.   
2.2 Microscopy methods  
2.2.1 Indirect immunofluorescence 
 Cells were grown on No. 1 thickness acid-washed glass coverslips and were fixed 
for 10 minutes at room temperature in 4% paraformaldehyde/0.1% glutaraldehyde, 
followed by 3 rinses with PBS. Free aldehyde groups were quenched with NaBH4 for 5 
minutes, rinsed 3 more times with PBS, and transferred to a blocking solution composed 
of 0.1% saponin and 3% BSA in PBS for 1 hour. This same buffer was used to dilute 
primary and secondary antibodies. Coverslips were incubated overnight with primary 
antibodies at 4 °C, washed 4 times 5 minutes with PBS and incubated for 45 minutes at 
room temperature with secondary antibodies. After four additional washes with PBS and 
1 rinse with water, coverslips were mounted in Mowiol (Calbiochem) containing 2% n-
propylgallate. For NDPK detection in NIH-3T3 cells, we utilized a monoclonal antibody 
specific for NDPK A (NM301) from Santa Cruz Biotechnology, and a polyclonal 
antibody, Ab-1 (Labvision) that recognizes human NDPKs A and B (amino acids 86-
102). Polyclonal antibodies to frog NDPK were used to detect NDPK in A6 cells (Yi et 
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al., 1995; Otero, 1997). Secondary antibodies (multiple labeling grade) used for 
immunofluorescence were from Jackson Immunoresearch Laboratories (West Grove, PA; 
Texas Red conjugates) and Molecular Probes (Eugene, OR; Alexa 488 conjugates).  
Flow fixation of A6 cells, a procedure that aligns and flattens cilia, was performed 
essentially as described by Wheatley and Bowser (2000). Coverslips were propped at an 
angle, and fixation solution was repeatedly applied to the top of the coverslip to fix the 
primary cilia in a straightened manner, as if they had been “combed”.  
Following primary cilia isolation (described in 2.4.2) the fraction enriched in cilia 
was placed on a glass coverslip, dried with a stream of nitrogen, fixed and stained as 
above. 
 Coverslips were examined on a Nikon Diaphot microscope equipped with 40X 
and 100X oil immersion objectives. Digital images were obtained with a Nikon CoolPix 
990 camera. Figures were assembled using Adobe Photoshop software. To ensure that the 
images of cilia were accurate, in particular for length measurement, 3-5 pairs of through-
focus images of acetylated α-tubulin and NDPK staining were obtained from each field. 
Measurements of apparent ciliary length were performed on magnified images using 
Corel Draw.  
 For confocal microscopy, a 10 µl aliquot of Mt/Ves was spread onto polylysine-
coated coverslips and allowed to adhere for 3 minutes. The specimen was fixed and 
processed for indirect immunofluorescence as above, using an antibody to NDPK (Ab-1; 
1:50), followed by Texas Red anti-rabbit (1:100). Confocal and differential interference 
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contrast (DIC) images were acquired with an Olympus FluoView 300 confocal laser 
scanning microscope (Olympus, Center Valley, PA).  
Measurements of the diameters of NDPK-labeled vesicles were performed in 
images of preparations immunolabeled with Ab-1 or NM301. Histograms were 
constructed in Origin 7.0. 
2.2.2 Electron microscopy 
 Formvar-coated carbon grids (200-mesh) were floated on drops of a primary 
cilium suspension for 2 minutes. The grids were stained with 2% uranyl acetate and 
examined on a Phillips electron microscope at 80 kV. 
2.3. Biochemical methods 
2.3.1 SDS-PAGE and immunoblotting 
 Samples solubilized by sonication for 10 minutes in urea SDS-PAGE sample 
buffer (4.6% SDS, 8 M urea, 150 mM Tris pH 8.0, 0.1% bromophenol blue, 20 mM 
DTT) were alkylated with 60 mM iodoacetamide and resolved in standard 15% or 4-20% 
Tris-Glycine gels, or in NuPage gels, 10 or 12%, run in MOPS/SDS buffer. The resolved 
proteins were then transferred to nitrocellulose membranes. Blots were rinsed in PBS, 
blocked in 5% milk/PBS with 0.01% thimerosal for 2 hours at room temperature or 
overnight at 4o C. Primary antibodies were diluted in 5% BSA/PBS and incubated with 
membranes while rocking for 2 hours at room temperature. This was followed by 4 rinses 
in PBS, 5 minutes each. Secondary antibodies were diluted in the same buffer and applied 
to blots for 1 hour at room temperature. Finally, the membranes were rinsed an additional 
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4 times in PBS and developed using enhanced chemiluminescence or the Licor Odyssey 
infrared imaging system.  
 Rabbit polyclonal antibodies to NDPK A and C and the affinity-purified 
polyclonal antibodies to NDPK B used in immunoblotting were a generous gift of Dr. 
Ioan Lascu (Université de Bordeaux, France); IgGs cross-reacting with NDPK A were 
removed from the latter by chromatography on columns of immobilized NDPK A 
(Phang-Ba et al., 1998). HRP-labeled secondary antibodies for immunoblotting were 
from KPL (Gaithersburg, MD). Antibodies labeled with infrared dyes (IRDye 800® anti-
rabbit and anti-goat, IRDye700® anti-mouse) were from Rockland Immunochemicals. 
 Anti-Arf6, anti-Rac1 and anti-von Hippel-Lindau protein were from Santa Cruz 
Biotechnology, and anti-dynamin (Ab-1) from Calbiochem. Other antibodies used were: 
polyclonal anti-Rab4 (Santa Cruz and StressGen), monoclonals anti-LAMP-1 and anti-
kinesin heavy chain (1D4B and SUK4, respectively), from the Developmental Studies 
Hybridoma Bank, Iowa, and monoclonal anti-α-tubulin (clone DM1A) from Sigma-
Aldrich. The monoclonal anti-dynein antibody (74.1) was a generous gift from Dr. K. 
Kevin Pfister, University of Virginia.  
2.3.2. NDPK enzyme assay 
 NDPK activity was measured using a coupled assay as in Lascu et al. (1983). The 
assay uses ATP as a phosphate donor and dTDP as a phosphate acceptor as shown below.  
ATP + dTDP      NDPK        ADP + dTTP 
ADP + PEP         PK         ATP + pyruvate 
pyruvate + NADH      LDH          lactate + NAD 
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 dTDP is used as the phosphate acceptor because it is a poor substrate for pyruvate 
kinase (PK) and a good substrate for NDPK, guaranteeing a low background rate. The 
rate of ADP formation can be determined by following the decrease in optical absorbance 
at 340 nm, since NADH, but not NAD, absorbs light at that wavelength.  
 For the assay, a reaction mixture containing 50 mM Tris, pH 7.5, 5 mM MgCl2, 
75 mM KCl, 1 mg/ml BSA, 1 mM phosphoenol pyruvate, 0.1 mM NADH, 1 mM ATP, 
and 2 U/ml lactate dehydrogenase (LDH) and pyruvate kinase (PK) was placed in a 
cuvette. The sample was added and the basal rate that reflects the ATPase activity of the 
sample, as well as the background NDPK activity of the coupling enzymes, was recorded. 
dTDP (0.2 mM) was then added, and the decrease in NADH concentration was measured 
at 340 nm over a period of 2 minutes. The ΔOD/min was calculated during the linear 
phase at the beginning of the reaction, and converted into units (µmoles of substrate 
transformed/min) /mg of protein.  
2.4. Isolation of subcellular fractions 
2.4.1. Isolation of microtubule-associated endocytic vesicles and proteins 
 Microtubule-associated endocytic vesicles (Mt/Ves) were isolated (summarized in 
Scheme 1) by the method of Wolkoff and colleagues (Goltz et al., 1992, Oda et al., 
1995). NIH-3T3 cells were homogenized in MEPS (35 mM PIPES, pH 7.1 with 
NaOH, 5 mM MgSO4, 5 mM EGTA, 200 mM sucrose, 1 mM DTT; calculated free Mg2+ 
is 4.3 mM) containing protease inhibitors (2 mM PMSF, 1 mM benzamidine, 2 µg/ml 
leupeptin). A post-nuclear supernatant (S1) was centrifuged at 40,000 xg for 20 minutes. 
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The supernatant (S2; small vesicles and cytosol) was incubated at 37 °C for 30 minutes 
with 20 µM taxol (and nucleotides when indicated) to polymerize tubulin and pelleted at 
16,000 xg for 30 minutes at 4 °C. The pellets were brought to the original volume with 
MEPS, 20 µM taxol was added and the samples were centrifuged at 16,000 xg. After a 
second wash, the pellets were solubilized in SDS-PAGE sample buffer and analyzed by 
SDS-PAGE and immunoblotting. In some instances the pellets were incubated with 
nucleotides after two washes, and then processed for analysis. Samples were 
immunoblotted in parallel with antibodies to α-tubulin (and Rab4 or LAMP1, when 
appropriate) to ensure treatments did not affect tubulin polymerization or co-pelleting of 
membrane vesicles. Results shown are representative of 3-10 separate experiments. 
 Cytosol from NIH-3T3 cells was prepared by centrifugation of the S2 supernatant 
in a TLA 100.3 rotor (Beckman Coulter) at 338,000 xg for 1 hour at 4 °C. 
To determine whether NDPK is initially associated with vesicles or soluble 
tubulin, the supernatant of the 40,000 xg step (S2) was centrifuged at 230,000 xg for 1 
hour in a TLA 100.3 rotor to sediment membrane vesicles. The supernatant was 
incubated with taxol as described above to polymerize soluble tubulin, and centrifuged at 
16,000 xg (Scheme 2). Both pellets were washed twice with MEPS and analyzed by 
immunoblotting.   
2.4.2. Isolation of primary cilia 
Primary cilia were isolated from A6 cells grown in 150 mm dishes. Cells were 
rinsed gently with PBS, layered with 10 ml PBS and the plates were placed in a rotary 
shaker at 360 rpm for 4 minutes at room temperature. To monitor deciliation as well as 
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cell integrity, cells grown on coverslips were shaken under the same conditions, fixed and 
stained.  The supernatants were removed and centrifuged at 1000 xg for 10 minutes to 
remove cells and debris. The cilia were collected by centrifugation at 40,000 xg for 30 
minutes. Pellets were suspended in 20 mM Tris-HCl, pH 8, 50 mM KCl, 4 mM MgSO4, 1 
mM DTT, 0.5 mM EDTA (resuspension buffer, RB; Hastie et al., 1986) and analyzed by 
immunoblotting. Six to 20 µg of isolated primary cilia were obtained using four 150 mm 
dishes. 
To localize NDPK within primary cilia we developed a method based on isolation 
procedures for components of intraflagellar transport (IFT) processes (Cole et al., 1998). 
To disrupt the outer membrane, pellets obtained at 40,000 xg were suspended in 0.5-1 ml 
of RB buffer, frozen in liquid nitrogen, thawed and centrifuged at 16,000 xg for 30 
minutes. The resulting supernatant is the matrix, including soluble proteins. To remove 
proteins bound to the preparation in a nucleotide-sensitive manner, the pellet, which now 
contained axonemal and membrane proteins, was extracted with 10 mM ATP in RB for 
10 minutes on ice, and centrifuged as above. Membrane proteins in the ATP-stripped 
pellet were then solubilized with 0.5% w/v Triton X-100 in RB on ice for 10 minutes. 
The final pellet contained the detergent-insoluble axonemal fraction.  
For electrophoresis, TCA-precipitated supernatants and pellets were solubilized as 
described above and resolved in 15% or 4-20% minigels. Proteins were transferred to 
nitrocellulose and immunoblotted. NDPK was detected with antibodies to frog NDPK. 
Acetylated α-tubulin was detected with a monoclonal antibody (clone 6-11B-1) from 
Zymed. Individual band density was quantified using Maxim DL 3.0 (Diffraction 
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Limited). Protein concentration was determined by the BCA assay (Pierce). Enzyme 
activity was determined in triplicate by the coupled assay as described above (Section 
2.3.2). 
2.5 Protein purification 
2.5.1 Purification of NDPK from human erythrocytes 
Soluble NDPK was purified from human erythrocytes using a modification of an 
earlier protocol (Yi et al., 1995). Cells were lysed in buffer A (25 mM MOPS, pH 7.5, 1 
mM EDTA, 1 mM PMSF) on ice, and centrifuged at 17,600 xg for 1 hour.  The 
supernatant was removed and precipitated with 45% ammonium sulfate.   The suspension 
was centrifuged for 10 minutes at 10,000 xg; the supernatant was decanted, and 
centrifuged again for 10 minutes at 10,000 xg.  The supernatant was brought to 85% 
ammonium sulfate and centrifuged for 30 minutes at 10,000 xg. The pellet was 
suspended in buffer A and dialyzed to the same buffer for 48 hours and concentrated on 
an Amicon XM50 membrane. The sample was centrifuged for 15 minutes at 48,000 xg, 
and applied to a Reactive Yellow 3 column (2.5 cm diameter x 17.5 cm height). The 
column was washed with buffer B (buffer A with 0.15 M NaCl) until the A280 returned to 
the baseline value. NDPK was eluted with 0.5 mM ATP in buffer B; the elution of 
protein was followed at 290 nm to minimize interference by ATP (Fig. 2a). Fractions 
were assayed for NDPK activity, pooled and concentrated by ultrafiltration in a stirred 
cell (Amicon) fitted with a YM30 membrane. The purified enzyme was stored at -20 °C 
in PBS/50% glycerol. Analysis by SDS-PAGE (Fig. 2b) indicated that the preparation 
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was 88% pure, and composed of two polypeptides, NDPK A (20.5 kDa) and B (19 kDa). 
The specific activity was 1,200 U/mg when tested by the coupled assay.  
2.5.2 Bacterial expression and purification of human NDPK A 
Wild-type NDPK A was expressed in E. coli BL21 (DE3) from a pET 21b vector 
generously provided by Dr. Marie-Lise Lacombe (INSERM U 402, Paris, France). 
Selection was made in LB medium with 0.1 mg/ml ampicillin. Cultures derived from a 
single colony were grown at 37 °C in LB medium with 0.2 mg/ml ampicillin to an OD550 
of 0.6, when protein expression was induced with 0.4 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG). After 3.5 hours the bacteria were harvested and pelleted at 
5,000 xg for 10 minutes at 4 °C. The pellets were resuspended in buffer A (50 mM Tris-
acetate, pH 8.0, 1 mM EDTA, 1 mM DTT) and frozen in liquid nitrogen.  
For purification of expressed protein (modified from Lascu et al., 1997), one 
bacterial pellet (1 g) was thawed in 20 ml of B-Per (Pierce) containing 1 µg/ml each of 
aprotinin and leupeptin, 2 µg/ml of pepstatin, 1 mM benzamidine and 1.25 mM PMSF, 
and stirred for 10 minutes at room temperature. The mixture was centrifuged for 15 
minutes at 17,600 xg. The clear supernatant was diluted 1:1 with buffer A and applied at 
2 ml/min to 2x5 ml Q Econopak cartridges in tandem (Bio Rad Laboratories). The 
column was washed with 12 volumes of buffer A (fraction Q1) and eluted with a gradient 
of 0 to 0.5 M NaCl in buffer A (fraction Q2). The fractions were monitored by A280 and 
NDPK activity. Fractions with high specific activity were pooled and applied to 2 x 5 ml 
Econopak Blue cartridges (10 ml).  The column was washed with 10 volumes of buffer B 
(buffer A with 0.15 M NaCl) and eluted successively with 2 volumes each of buffer B 
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containing 1 mM ATP, buffer A with 0.5 M NaCl, and buffer A with 2 M NaCl. Elution 
of protein was followed at 290 nm. Fractions with high specific NDPK activity were 
pooled, concentrated and desalted in a Centricon 30 (Amicon), dialyzed overnight to PBS, 
and frozen in aliquots in liquid nitrogen. The purified protein was essentially pure, as 
judged by SDS-PAGE (Fig. 3) and had a specific activity of 1600 U/mg. Note that after 
elution with ATP, NDPK A runs as a doublet. This behavior arises because the 
phosphorylated form migrates slower than the free enzyme.  
2.6 Size exclusion chromatography  
 Mt/Ves pellets were isolated and incubated with or without 1 mM GTP. After 
centrifugation at 16,000 xg the supernatant was removed and applied to a Superose 12 
HR 10/30 (Amersham Biosciences) column at a flow rate of 0.4 ml/min and fractions of 
1.0 ml were collected. The protein elution profile was monitored at 280 nm, and fractions 
were assayed for NDPK activity. The samples were precipitated with trichloroacetic acid, 
dissolved in sample buffer, and analyzed by SDS-PAGE followed by silver staining 
and/or immunoblotting. The column was calibrated with standards (IgG, BSA, β-
lactoglobulin, cytochrome C and vitamin B12) according to the manufacturer’s 
instructions. Similar results were obtained with a calibrated Sepharose 6 HR 10/30 
column, which has a higher exclusion limit.  
2.7 [α-32P]GTP overlay assay 
 Samples were resolved by SDS-PAGE and transferred to nitrocellulose. The 
membrane was rinsed and pre-incubated for 1 hour in 50 mM Tris, pH 7.4, 0.3% Tween-
20, 5 mM MgCl2, and 100 mM ATP. [α-32P]GTP was added to a final concentration of 
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 Figure 3.  Purification of human NDPK A.  Lane 1 - Extract 
(sample applied to Q); 2 - Q1 (wash); 3 - Q2 (applied to Blue); 
4 - Blue 1 (ATP); 5 – Blue 2 (0.5 M NaCl); 6 - Blue 3 (2M NaCl) 
 
 
24
  
1µCi/ml, and the blot was incubated for 1 hour at room temperature, then rinsed 4 times 
for 10 minutes each in pre-incubation buffer and dried. Labeled proteins were detected 
with X-ray film exposed to blots at -80 °C for 1-3 days. 
2.8 Protein-lipid overlay assay. 
 Nitrocellulose membranes spotted with phospholipids (PIP strips™, Echelon 
Biosciences) were blocked for 1 hour at 25 °C or overnight at 4 °C with 3% bovine serum 
albumin (BSA) in Tris-buffered saline with 0.1% Tween-20 (TBST).  The blots were 
then overlaid with either cytosol from NIH-3T3 cells or 3.75 µg/ml purified NDPK A, 
with or without GTP, for 1 hour at room temperature. The membranes were washed 6 
times for 5 minutes with TBST, and then incubated with primary antibody against NDPK 
for 1 hour. After 4 washes, the blot was incubated with secondary antibody for 1 hour, 
washed 4 more times, and anti-NDPK antibodies were detected using enhanced 
chemiluminescence.  
2.9 Liposome binding assays 
 The lipid combinations used are listed in Table 1.  Phospholipids 
[dioleolylphosphatidylcholine (DOPC), dioleoylphosphatidylethanolamine (DOPE), 
dioleoylphosphatidylserine (DOPS), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-
dioleoylphosphatidylinositol (DOPI) and carboxyfluorescein-labeled DOPE] were from 
Avanti Polar Lipids. Cholesterol and sphingomyelin were from Sigma Aldrich. 
 Small unilamellar vesicles were prepared by mixing the appropriate combination of 
lipid stock solutions in chloroform in a glass tube. The solvent was evaporated under a 
stream of nitrogen and the samples were further dried in a SpeedVac for 1 hour. Lipids 
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(1.8 µmol) were resuspended in a vortex mixer with 90 µl of MEPS buffer with 400 mM 
sucrose, incubated for 1 hour at room temperature, and sonicated on ice in a bath 
sonicator (Model G112SPIT, Laboratory Supply Company, Hicksville, NY) for 8-12 
minutes. Prior to experiments, cytosol or purified proteins were diluted in MEPS with 
100 mM sucrose and centrifuged in a Beckman Airfuge at 167,000 xg for 10 minutes to 
remove aggregates. Liposome suspensions were mixed with cytosol or purified NDPK, 
incubated at 30 °C for 30 minutes and pelleted by centrifugation at 200,000 xg for 30 
minutes at 25 °C in a TLA 120.1 rotor (Beckman Coulter). The supernatant was removed, 
the pellets were resuspended in MEPS buffer with or without 1 mM GTP, and the 
samples were incubated for 30 minutes at 30 °C and pelleted as above. The supernatants 
and pellets were resolved by SDS-PAGE and immunoblotted. Lipid recovery was 
uniform, as established using carboxyfluorescein-labeled phosphatidylethanolamine (PE) 
(0.2 mol  %) as a marker.  
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CHAPTER 3: NDPK Localizes to Vesicles Associated with Microtubules 
3.1 Abstract 
 Cytoplasmic NDPK can be separated into two populations according to 
subcellular localization and response to extracellular stimuli. Specifically, within minutes 
of stimulation of resting NIH-3T3 fibroblasts with serum, growth factors or bombesin, a 
portion of NDPK becomes associated with membrane ruffles and lamellipodia. 
Transfection of cells with activated Rac1 mimics, whereas expression of dominant 
negative Rac1 inhibits, the effects of extracellular stimulation on the translocation of 
NDPK to the cell cortex.  
 Another pool of NDPK accumulates independently of stimulation around 
intracellular vesicles. This vesicle-associated pool is not affected by extracellular 
stimulation or by expression of Rac1 mutants, but depends on microtubule integrity and 
is disrupted by nocodazole. In cell-free assays NDPK is present in membranes associated 
with taxol-stabilized microtubules (Mt/Ves) isolated from NIH-3T3 cells. Differential 
interference contrast (DIC) and confocal immunofluorescence imaging of Mt/Ves show 
that NDPK is associated with most of the membrane vesicles bound to microtubules. 
NDPK dissociates from this fraction upon incubation with 1 mM GTP or ATP as well as 
nucleotide analogs. NDPK is the main protein released by nucleotides from Mt/Ves and 
is eluted in its enzymatically active, hexameric form.  
At low concentrations (1 µM), both ATP and GTP have a substantial stimulatory 
effect on NDPK binding to Mt/Ves, while ADP inhibits binding at all concentrations. 
This suggests that the association of NDPK with Mt/Ves is preceded by phosphate 
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transfer from NTPs to the active site histidine to generate the phosphoenzyme 
intermediate. Indeed, there is virtually no NDPK associated with Mt/Ves fractions 
isolated from cells depleted of cellular NTPs by pre-treatment with 2-deoxyglucose and 
azide.  
 The fact that NDPK is present in most of the Mt/Ves indicates that NDPK interacts 
with a component shared by the numerous types of vesicles and organelles transported 
throughout the cell via microtubules, namely phospholipids. This hypothesis was 
confirmed by the finding that cytosolic NDPK from NIH-3T3 cells binds to individual 
immobilized phospholipids, as well as to liposomes of defined phospholipid composition, 
and this interaction is sensitive to nucleotides. NDPK purified from human erythrocytes 
(eNDPK), as well as recombinant human NDPK A (rNDPK), behave similarly to the 
cytosolic enzyme, demonstrating that no additional factors are required for binding of 
NDPKs to phospholipids. We conclude that soluble NDPKs can associate with biological 
membranes through direct binding to membrane lipids, in a dynamic process controlled 
by the [NTP]/[NDP] ratio in cells. This result gives new insight on the mechanisms by 
which NDPK localizes to cellular organelles. 
3.2 Introduction 
 NDPK A and NDPK B have all the characteristics of cytosolic proteins, with no 
exposed hydrophobic segments or membrane-binding motifs.  Nevertheless, in many 
instances these proteins associate with membranes of a wide variety of intracellular 
compartments. Thus, cytosolic NDPKs are found at the plasma membrane where they are 
involved in the function of ion channels (Srivastava et al., 2006), receptor activation and 
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desensitization by agonists (Xu et al., 1996; Otero et al., 1999; Rochdi et al., 2004), 
activation of phagocyte NADPH oxidase (Mizrahi et al., 2005), dynamin-mediated 
endocytosis (Krishnan et al., 2001; Palacios et al., 2002; Hsu et al., 2006) and integrin-
mediated adhesion (Fournier et al., 2002). Soluble NDPKs also localize to endosomes 
(Hsu et al., 2006), membranes from the endoplasmic reticulum (Barraud et al., 2002; 
Kapetanovitch et al., 2005), the Golgi and vesicles budding from the trans-Golgi network 
(Barraud et al., 2002), as well as phagosomes (Garin et al., 2001). In some cases, the 
recruitment of cytosolic NDPKs to membranes was ascribed to interactions with 
peripheral or integral membrane proteins such as the G protein transducin (Orlov and 
Kimura, 1998), integrin cytoplasmic domain associated protein 1-α (ICAP-1α; Fournier 
et al., 2002) and the potassium channel KCa3.1 (Srivastava et al., 2006). Overexpression 
of cytosolic NDPKs revealed novel associations with the GTP-bound form of ARF6 
(Palacios et al., 2002), the thromboxane A2 β receptor (Rochdi et al., 2004) and von-
Hippel Lindau protein (Hsu et al., 2006), and these binding partners were proposed to 
anchor NDPK to membranes. However, in many instances the mechanism underlying the 
association of NDPKs with membranes remains unclear (e.g., Krishnan et al., 2001; 
Gallagher et al., 2003; Mizrahi et al., 2005).  
 A recurring feature of the processes connected to membrane-bound cytosolic 
NDPKs over the years is the involvement of a GTP-binding protein such as Rac1 or 
dynamin. These observations led to the proposal that NDPKs bind to membranes in order 
to rephosphorylate the GDP produced by GTPases, regenerating the GTP needed for their 
function (Orlov and Kimura, 1998; Krishnan et al.; 2001, Palacios et al.; 2002, Gallagher 
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et al., 2003). Complex mechanisms involving direct phosphorylation of the GDP bound 
to GTP binding proteins by NM23/NDPK or GTP channeling between NM23/NDPK and 
GTP binding proteins were invoked to account for the involvement of NDPK in G protein 
function, but these theories are not backed up by structural or kinetic data (reviewed in 
Otero, 2000). 
  Our present results indicate that NDPK may play a role in localized regeneration 
of nucleotides such as CTP and GTP, mainly because the levels of nucleotides like ATP, 
GTP and ADP have a profound effect on the reversible interaction of soluble NDPKs 
with membranes. However, it appears that the nucleotide sensitivity of this process is not 
linked directly to the function of GTPases or enzymes involved in lipid biosynthesis; 
rather, it is the result of the intrinsic catalytic properties of NDPK. More importantly, we 
demonstrate for the first time that purified NDPK can bind directly to chemically defined 
phospholipid bilayers in a nucleotide-sensitive manner. Thus, cytosolic NDPKs have the 
ability to associate with membranes independently of other proteins. Hence, our 
observations reveal a novel mechanism for the reversible targeting of soluble NDPKs to 
intracellular membranes.  
3.3 Results 
3.3.1 NDPK is located in microtubule-associated vesicles and this interaction 
requires an intact microtubule network 
 In quiescent, serum-starved NIH-3T3 fibroblasts, staining of NDPK with an 
antibody that recognizes both NDPKs A and B (Ab-1) reveals a cytosolic distribution 
pattern, more intense in the thicker central area (Fig. 4, upper left panel). In many cells, 
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 Figure 4. Localization of NDPK to microtubular-associated vesicles. Cells were 
fixed and double stained with antibodies to NDP kinase (Ab-1) and α-tubulin 
after being serum starved for 18 hours (–serum), kept in complete medium 
(+serum) or treated with 33 µM nocodazole for 1 hour (nocodazole). Arrowheads 
show vesicular structures visible in phase contrast, which are labeled by 
antibodies to α-tubulin and NDP kinase in serum-starved and serum-treated 
cells (left and middle, respectively). Labeling of vesicles is lost in cells treated 
with nocodazole (right). Scale bar, 20 µm 
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NDPK forms ring-like structures, and phase-contrast microscopy (Fig. 4, lower left 
panel) shows that most of these rings correspond to phase-bright vesicles of various sizes 
that are scattered throughout the cytoplasm, particularly around the nucleus. NDPK is 
associated with the outer rim of these structures, and is most conspicuous around large 
perinuclear vesicles (Fig. 4).  
 To define more clearly the mechanism by which NDPK assembles around vesicles, 
we first characterized their morphology and protein composition. Figure 5 shows the size 
distribution of NDPK-labeled vesicles, which covers a range of 0.7-6.9 µm with a median 
diameter of 2.3 µm (n=209). Given that NDPK co-localizes partially with the 
microtubular network in epithelial cells (Pinon et al., 1999) and the centrosome of C6 
glioma cells (Roymans et al., 2000), we investigated the relationship between 
microtubules and the vesicles coated with NDPK by double labeling with antibodies to α-
tubulin and NDPK (Fig. 4, left column). The signals for the two proteins overlap 
distinctly around the vesicles labeled by NDPK, indicating that the vesicles interact 
simultaneously with microtubules and NDPK. The co-localization of tubulin and NDPK 
at the periphery of vesicles is not a result of serum deprivation because it is also observed 
in cells cultured in complete medium (Fig. 4, middle column). Depolymerization of 
microtubules with nocodazole eliminates association of tubulin and NDPK with large 
intracellular vesicles (Fig. 4, right column). Thus, clustering of NDPK at the periphery of 
vesicles depends on an intact microtubular network.  
3.3.2 NDPK binds to membranes associated with microtubules  
33
  
Our observations are suggestive of an interaction between NDPK and 
microtubule-bound vesicles. To determine whether the overlap in staining reflects a 
physical association between NDPK and microtubule-associated vesicles, we took 
advantage of a cell-free assay that reproduces the in vivo association between vesicles 
and microtubules (Goltz et al., 1992; Oda et al., 1995), thus putting the morphological 
results to a biochemical test (Scheme 1). A fraction containing light membranes and 
cytosol was obtained from NIH-3T3 cells. Endogenous tubulin was polymerized with 
taxol, and pelleted at g forces sufficient to sediment microtubules and associated 
structures, but not isolated membranes. The pellet (Mt/Ves) was washed extensively and 
subjected to immunoblot analysis. The Mt/Ves fraction contains NDPK, tubulin, Rab4 
and LAMP-1 (Fig. 6), indicating that both early and late endosomal membranes associate 
with microtubules under our conditions. The microtubular motors kinesin and dynein are 
also present in Mt/Ves (Fig. 6), indicating that these are indeed cargo vesicles. To 
determine whether the NDPK pool bound to the Mt/Ves pellet was associated with 
microtubules or membranes, the postnuclear supernatant was centrifuged at 230,000 xg to 
sediment membranes. The supernatant (cytosol) was removed, incubated with taxol to 
polymerize soluble tubulin and centrifuged at 16,000 xg. When both pellets were washed 
and examined for their NDPK content by immunoblotting, we found that NDPK is 
present in the membrane pellet but not in the microtubule pellet (Scheme 2). Thus, the 
NDPK in the Mt/Ves pellet derives from membranes, not the tubulin component, as 
expected from earlier research showing that although NDPK co-immunoprecipitates from 
cell lysates with tubulin (Lombardi et al., 1995; Roymans et al., 2001) and co-localizes 
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partially with microtubules in intact cells (Pinon et al., 1999), purified NDPK does not 
bind directly to microtubules (Melki et al., 1992; Otero, unpublished observations). Also, 
these results indicate that the association of NDPK with the Mt/Ves fraction is specific 
and not due to trapping of this abundant cytosolic protein in the microtubule pellet.  
3.3.3 NDPK localizes to the majority of vesicular structures associated with 
microtubules 
 Analysis of the taxol-stabilized Mt/Ves fraction by confocal immunofluorescence 
and DIC confirms this idea. Mt/Ves pellets isolated from NIH-3T3 cells were placed on 
polylysine-coated coverslips, and processed for indirect immunofluorescence using an 
antibody to NDPK. As shown in Figure 7, NDPK localizes to numerous disk-like 
structures, most of them organized in linear arrays along the microtubules clearly visible 
in the corresponding DIC image. The heterogeneous size of the vesicles along with their 
irregular distribution along the microtubules is typical of similar fractions obtained from 
other tissue/cell types (Schroer et al. 1988; Fullerton et al., 1998; Goltz et al., 1992; 
Soroka et al., 1999). Comparison of histograms of the size distributions of vesicles seen 
in cells (Fig. 5) and in the Mt/Ves fraction (Fig. 8) shows that the two populations consist 
of vesicles of different median diameters, 2.3 and 0.5 µm, respectively. This indicates 
that the pool of vesicles we isolate in Mt/Ves is distinct from the population we first 
observed in cells using indirect immunofluorescence (Fig. 4). While the identity of the 
latter structures is unknown at present, the size (Fig. 8) and protein composition (Fig. 6) 
of the vesicles in the Mt/Ves fraction indicates that they comprise early endosomes 
(containing Rab4) as well as late endosomes and lysosomes (containing LAMP1), which 
reportedly have diameters of 0.25-0.8 µm (Novikoff et al., 1961; Roberts et al., 2000; 
36
  
Fi
gu
re
 7
.  
N
D
PK
 lo
ca
liz
es
 t
o 
m
os
t 
ve
si
cu
la
r 
st
ru
ct
ur
es
 a
ss
oc
ia
te
d 
w
ith
 m
ic
ro
tu
bu
le
s.
 S
am
pl
es
 w
er
e 
pr
ep
ar
ed
 
as
 in
 M
et
ho
ds
. L
ef
t p
an
el
: C
on
fo
ca
l i
m
m
un
of
lu
or
es
ce
nc
e,
 R
ig
ht
 p
an
el
:  
D
IC
 
37
  
Ganley et al., 2004; Antignani and Youle, 2008). Note that smaller structures, such as 
clathrin coated vesicles, or those of the secretory pathway (diameters of 0.05-0.1 µm; 
Pfeffer and Kelly, 1981; Sato and Nakano, 2007) would fall below our detection limit, 
which is dictated by image size and resolution. Nevertheless, our basic finding using 
these two approaches is the same, namely that NDPK is present at the surface of 
microtubule-associated membranous structures. 
3.3.4 Nucleotides release NDPK from microtubule-bound vesicles 
 Formation of taxol-stabilized microtubules is usually performed in the presence of 
GTP, even though (at appropriate concentrations) taxol alone is sufficient to induce 
complete polymerization (Oda et al., 1995). Indeed, inclusion of 1 mM GTP in the 
incubation with taxol does not affect the amount of tubulin in the Mt/Ves pellet; neither 
does it affect the association of early and late endosomal membranes with the 
microtubule pellet, as indicated by the unchanged levels of Rab4 and LAMP-1 (Fig. 6). 
By contrast, GTP induces a striking release of NDPK from the pellet; ATP also reduces 
the association of NDPK with Mt/Ves, but is consistently (n=6) slightly less effective 
than GTP (Fig. 9). Thus, NDPK is released from Mt/Ves through a nucleotide-sensitive 
site that shows some specificity for the base. The nucleotide-induced release of NDPK 
from the Mt/Ves fraction qualitatively resembles the behavior of the molecular motors 
dynein and kinesin, whose binding to microtubules and associated endosomal vesicles is 
also disrupted by nucleotides (Oda et al., 1995). However, we find that the amounts of 
dynein and kinesin associated with the Mt/Ves fraction are not altered by 1 mM GTP 
(Fig. 6) or ATP (not shown). Presumably the interaction of NDPK with Mt/Ves is more 
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 Figure 8. Size distribution of microtubule-associated vesicles 
isolated from NIH-3T3 cells. The histogram was built as 
described in Methods. 
 
 
Figure 9. Both ATP and GTP release NDPK from taxol-
stabilized microtubules and associated vesicles. An extract 
from resting cells was divided into equal portions that were 
incubated with taxol in buffer supplemented or not with ATP 
or GTP (both at 1 mM); after washes, pellets were processed 
as described in Methods and tested for NDPK and β-tubulin. 
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sensitive to nucleotides than that of molecular motors, so the nucleotide concentration 
used in this work is too low to cause elution of significant amounts of dynein and kinesin. 
For instance, 10 mM ATP releases only 50% of bound dynein and kinesin from an 
analogous fraction obtained from rat liver (Oda et al., 1995), with GTP being slightly less 
effective. Thus, the dissociation of NDPK from the Mt/Ves pellet by nucleotides is not 
linked to the release of motor proteins and their cargo. 
3.3.5 Characterization of the process leading to NDPK dissociation from 
microtubule-associated vesicles 
 A time course of the release of NDPK from the Mt/Ves by GTP was performed.  
After the Mt/Ves pellet was washed, 1 mM GTP was added and the samples were 
incubated at 37 °C for various times. The Mt/Ves was then re-pelleted and analyzed by 
SDS-PAGE and immunoblotting. The results show that levels of NDPK in the Mt/Ves 
pellet are reduced to less than 30% of that in the control within 1 minute of GTP addition 
(not shown).  
 To test whether NDPK can re-bind to GTP-stripped microtubule-associated 
vesicles, the microtubule/vesicle pellet was incubated with 1mM GTP, washed and thus 
stripped of NDPK, and then incubated with different concentrations of cytosol. After two 
washes, pellets were resolved by SDS-PAGE and immunoblotted for NDPK. Analysis of 
the immunoblots (Fig. 10) shows that not only can NDPK re-bind to GTP-stripped 
vesicles, but also that the binding is saturable, given that NDPK is abundant in cytosol 
and is in large excess to the bound fraction. 
 To determine whether 1 mM GTP dissociated other components concomitantly 
40
Figure 10.  NDPK can re-bind to GTP-stripped pellets, and re-binding is 
saturable.  GTP –stripped pellets were incubated with various amounts 
of protein and tested for NDPK as described in Methods. Results are 
representative of n=3. 
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with NDPK from the Mt/Ves pellet, we washed Mt/Ves pellets in MEPS buffer with or 
without 1 mM GTP, centrifuged the samples and examined the protein composition of the 
supernatants by SDS-PAGE followed by silver staining and immunoblotting. A 
prominent band migrating at the position expected for NDPK (18 kDa) is present in the 
GTP extract, but not in the control (Fig. 11). Aside from this band, the protein profiles of 
control and GTP extracts are very similar. Immunoblotting with antibodies specific to 
NDPKs A, B and C indicated that this band is comprised mostly of NDPK B, which is 
expressed at higher levels in murine tissues than NDPK A (Barraud et al., 2002); the 
latter is present in the Mt/Ves fraction and in GTP eluates, but at lower amounts. NDPK 
C, a potential membrane anchor for NDPK A or B, was not detectable in Mt/Ves (Fig. 
12); note, however, that the antibody to NDPK C cross reacts with NDPK A. 
 To confirm the identity of this protein (arrow, Fig. 11 a) as NDPK and to determine 
whether the entity eluted by GTP is NDPK alone or a complex of NDPK and other 
proteins, the supernatants obtained in the presence of GTP were further analyzed by size-
exclusion chromatography, and the NDPK content of individual fractions was measured 
using enzyme activity assays, SDS-PAGE and immunoblotting (Fig. 11 b, c). As seen in 
Figure 11b, the GTP extract contains NDPK activity that elutes in one peak centered at 
100 kDa, the size expected for a hexamer of 18 kDa subunits. Protein staining of gels 
shows that the enzyme activity overlaps with a protein band migrating at 18 kDa (Fig. 
11c), identifiable as NDPK by immunoblotting. Analysis of control extracts shows no 
NDPK activity above basal levels, no band at 18 kDa and no reactivity with antibodies to 
NDPK in immunoblots (not shown). These experiments verify that the 18 kDa band seen 
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 Figure 11. NDPK is released from microtubule-associated vesicles by GTP. Mt/Ves 
pellets were washed twice with MEPS (containing protease inhibitors and 20 µM 
taxol), and then incubated in the same buffer in the absence or presence of 1 mM 
GTP. After centrifugation for 30 min at 4°C the supernatants were processed for 
SDS-PAGE, resolved in a 12% NuPage gel and stained with silver. B. GTP extract 
obtained as above, fractionated on Superose 12 as described in Methods. Fractions 
were assayed for NDPK activity. The elution positions of standards are indicated by 
(in kDa): a, 158; b, 67; c, 35, and d, 12.4. C. Immunoblot of column fractions from B 
with antibodies to NDPK. Results shown are representative of 5 independent 
experiments. 
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in Figure 11a is NDPK, and show that GTP releases enzymatically active NDPK, in its 
native, hexameric state. Moreover, the apparent molecular mass of 100 kDa demonstrates 
that NDPK is released alone, and not in a complex with other proteins.  
 We also performed immunoblot analyses of the Mt/Ves pellet with antibodies 
against putative NDPK binding partners, such as Arf6, dynamin, Rac1, and von Hippel-
Lindau protein. Only Rac1 and Arf6 were detected in the Mt/Ves pellet, and neither was 
removed from the pellet upon nucleotide treatment (not shown). In addition, although [α-
32P]-GTP overlay assays of the Mt/Ves fraction revealed the presence of several small 
GTP binding proteins, none were released by GTP treatment (Fig.13).    
3.3.6 The binding of NDPK to vesicles is controlled by its catalytic cycle. 
 NDPKs bind nucleotides with affinities in the range of 10-200 µM, and guanine 
nucleotides are somewhat preferred over other substrates (Schaertl et al., 1998; Cervoni 
et al., 2001; Schneider et al., 2002). Therefore, the simplest explanation for the 
preferential release of NDPK from the Mt/Ves fraction by GTP is that it involves binding 
of the nucleotide directly to its catalytic site. However, it is also possible that the release 
of NDPK from the Mt/Ves fraction is secondary to the interaction of GTP with a highly 
selective binding site, perhaps a GTP-binding protein, and that the effect of ATP is 
indirect, requiring its conversion into GTP. To distinguish between these possibilities, we 
examined the effects of the guanine nucleotide analogs guanosine-5′-O-(3- 
thio)triphosphate (GTPγS), guanylyl-imidodiphosphate (GMP-PNP) and guanosine-5′-O-
(2-thio)diphosphate (GDPβS) on the association of NDPK with the Mt/Ves fraction (Fig. 
14a). If release of NDPK by GTP is related to a GTP-binding protein, the activating GTP 
44
 Figure 12.  NDPK A and B are present in microtuble-associated vesicles, but 
NDPK C is not.  C – Control (untreated pellets), G – GTP treated pellets, L – NIH-
3T3 lysate. 
 
Figure 13.  Small GTP binding proteins are not released from microtubule-
associated vesicles by GTP.  Untreated and GTP-treated vesicular extracts 
were resolved by SDS-PAGE and transferred to nitrocellulose.  Membrane 
was incubated with [α-32P]GTP before exposure.  
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analogs GTPγS and GMP-PNP are expected not only to act alike but also to have 
opposite effects to those of GDPβS, which locks GTP-binding proteins in the inactive 
form. However, if the release is mediated by the catalytic site of NDPK, the 
thiophosphate analogs GTPγS and GDPβS, which are substrates for NDPKs (Schaertl et 
al., 1998), should behave similarly to GTP. Imidodiphosphate analogs bind to NDPKs 
with low affinity and are not substrates (Cervoni et al., 2001), so GMP-PNP should have 
modest effects, if any, on the retention of NDPK by the Mt/Ves fraction. As seen in 
Figure 14a, 1 mM GTPγS and GDPβS, but not GMP-PNP, are as effective as GTP in 
eluting NDPK, suggesting that the nucleotide binding site involved is that of NDPK, 
which implies that the nucleotide effects on the association of NDPK to membranes are 
intimately linked to its catalytic cycle. To address this issue in depth, we determined the 
dose-response relationship for release of NDPK from the Mt/Ves fraction for GTP, ATP 
and ADP. As the concentration of GTP or ATP increases from 1 µM to 1 mM, the 
amounts of NDPK bound to the Mt/Ves pellet in the presence of GTP or ATP decreases 
markedly (Fig. 14b). GTPγS and GDPβS also inhibit binding, but with higher potency 
than ATP or GTP. In contrast, ADP decreases the amount of NDPK bound by 70-80% at 
all concentrations tested.  
 While the results obtained at high concentrations of nucleotides confirm our 
previous data on the dissociation of NDPK from membranes, examination of the effects 
of low concentrations of these compounds offered a new insight into the association 
process. Unexpectedly, the lowest concentration of GTP and ATP, 1 µM, consistently 
raised the amount of NDPK associated with Mt/Ves to approximately 125% of the 
46
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. The interaction of NDPK with membranes is controlled by its substrates, and 
is abolished by ATP depletion.  A. Nucleotides were present during taxol-induced 
polymerization of microtubules at the concentrations indicated, and samples were 
immunoblotted for NDPK.  B. The amounts of NDPK in the resulting MT/Ves pellets 
were assessed as in Methods. Values shown are ratios of the amounts of NDPK in 
nucleotide-treated samples to those measured in controls run in parallel with no added 
nucleotides, expressed as percent of control. n = 2-3 for GTPγS and GDPβS, and 3-9 for 
ATP, GTP and ADP. Error bars indicate S.E. of means. C. Cells were kept in low glucose 
medium (4 samples) or treated with deoxyglucose and azide (D/A; 2 samples) as in 
Methods. Following polymerization with taxol and centrifugation, supernatants (Ctr SN, 
D/A SN) were removed and pellets were washed twice. Three Ctr samples were 
extracted with 1 mM GTP and pelleted (GTP pellet). Pellets were then resuspended as 
follows: one each of Ctr, D/A, and GTP pellets in MEPS buffer (-), one each of D/A and 
GTP pellets in Ctr SN, and one GTP pellet in D/A SN. After 30 min on ice, samples were 
centrifuged and the pellets were analyzed by SDS-PAGE followed by immunoblotting 
with antibodies to NDPK. Results are representative of n=3. 
A 
B 
C 
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control value (Fig. 14b). This increase is not observed with the GTP analog GTPγS, and 
suggests that only substrates that transfer phosphate to NDPK and produce the 
phosphohistidine intermediate E~P (Scheme 3) can promote the association of NDPK 
with membranes. Indeed, ADP, which is an acceptor for the phosphate of E~P, thereby 
dephosphorylating the enzyme, only induces dissociation. GDPβS and GTPγS, which 
bind tightly to NDPK but are very poor substrates, act as dose-dependent inhibitors.  
Collectively, these data indicate that the association of NDPK with Mt/Ves is a reversible 
process whose dynamics are controlled by the relative amounts of the phosphorylated 
intermediate, E~P, and the free enzyme, E. 
 If this reasoning is correct, a reduction in the [NTP]/[NDP] ratio in cells, which 
necessarily decreases the [E~P]/[E] ratio, should decrease significantly the amounts of 
NDPK bound to Mt/Ves. To test this hypothesis, we assessed the levels of NDPK in 
Mt/Ves fractions isolated from cells pre-incubated with the glycolysis inhibitor 2-
deoxyglucose and the mitochondrial poison sodium azide (D/A), a treatment that 
markedly depletes cytosolic ATP (and consequently other NTPs), and reduces markedly 
the [NTP]/[NDP] ratio (see, for example, Schwoebel et al., 2002). Figure 14c shows that 
Mt/Ves pellets prepared from cells pre-treated with D/A contain only traces of NDPK 
(7±5 % of control, n=4), as would be expected if the association of NDPK to Mt/Ves 
depended on the levels of NTP. There is, however, the possibility that the decrease in 
binding is due to a secondary effect of the D/A treatment, which could decrease the 
number of NDPK binding sites on the Mt/Ves or induce a decline in the actual amounts 
of cytosolic NDPK. To address this point, we performed two control experiments: in one, 
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we incubated Mt/Ves pellets obtained from D/A-treated cells with cytosol from the 
control cells (kept in low glucose medium), centrifuged the preparation and measured 
NDPK in the pellet. This same procedure was repeated using cytosol from D/A-treated 
cells or control cells, and Mt/Ves pellets that had been stripped of NDPK with 1 mM 
GTP (and therefore contain significant amounts of residual GTP). The results (Fig. 14c) 
show that in all cases NDPK re-bound to the Mt/Ves fraction. This set of experiments 
indicates that both Mt/Ves membranes and cytosolic NDPK from D/A-treated cells retain 
their ability to associate, as long as the NTP concentration in the incubation mixture 
reaches a minimum level. Therefore, the low binding of NDPK to Mt/Ves isolated from 
cells treated with D/A  is likely to be the consequence of a lowered [NTP]/[NDP] ratio. 
 The other possibility is that the effect of D/A treatment is due to lowered GTP 
levels (as a result of lowered ATP levels).  To distinguish whether the result was from 
lowered GTP or ATP levels, we treated the cells with ribavirin, which depletes cellular 
GTP levels (Schwoebel et al., 2002). This treatment did not change the amount of NDPK 
in the pellet (not shown), implying that it is indeed the decrease in the [ATP]/[ADP] ratio 
and not lowered GTP levels that cause the effect of D/A. 
3.3.7 NDPK binds directly to phospholipids 
  Inspection of Figure 7 shows that NDPK localizes to nearly all of the vesicular 
structures visible in the DIC image. Microtubules are involved in the intracellular traffic 
of membrane vesicles from the secretory, endocytic and recycling pathways, and as a 
result, Mt/Ves fractions are highly heterogeneous (Oda et al., 1995; Soroka et al., 1999). 
The widespread distribution of NDPK suggests that it binds to a universal component of   
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intracellular membranes, namely lipids. Thus, our next step was to investigate the 
possibility of direct association of NDPK with lipids. 
  In preliminary tests we used a protein lipid overlay assay. Membranes strips pre-
spotted with different phospholipids were incubated with cytosol from NIH-3T3 cells, as 
well as purified NDPKs, and then probed with antibodies against NDPK.  Figure 15a 
illustrates the results obtained with cytosolic NDPK from NIH-3T3 cells and rNDPK-A 
in the presence and absence of GTP.  The cytosolic enzyme associates with PtdIns and 
PS, whereas rNDPK-A shows a preference for PtdIns(5)P, PtdIns(3)P, PtdIns(4)P and PS. 
There was no detectable binding of murine or human NDPK to immobilized PC, PE, 
sphingosine phosphate or lysophospholipids.  As with the Mt/Ves experiments, 1mM 
GTP reduced the amount of rNDPK-A bound to the phospholipids (Fig. 15b).  Although 
this type of assay does not necessarily reflect affinity or specificity in solution, it is clear 
from Figure 15 that both murine and human NDPK can bind to pure phospholipids. 
 We next examined how the binding of NDPK to pure lipids translated into a more 
physiological experimental system, that is, artificial lipid bilayers, using a sedimentation 
method (Robbe and Antonny, 2003). Briefly, NDPK from cytosol was incubated with 
sucrose-loaded small unilamellar vesicles of defined phospholipid composition. The 
samples were pelleted by ultracentrifugation and the level of NDPK bound to the 
liposomes was measured as in Methods. Figure 16 shows that cytosolic NDPK from 
NIH-3T3 bound to liposomes of different compositions, showing a preference for PA-
containing mixes. More importantly, in the presence of 1mM GTP (or ATP), the levels of 
cytosolic NDPK associated with liposomes were noticeably reduced. Conversely, in the 
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 Figure 16. Interaction of NDPK from cytosol with liposomes of defined 
composition. Liposomes were incubated with cytosol from NIH-3T3 cells as 
described in Methods.   The bound protein was detected by SDS-PAGE and 
immunoblotting with an anti-NDPK antibody. The bar graph shows NDPK 
content of pellets treated with 1 mM GTP and untreated pellets.  Graph shows 
the average band intensity measured in 4 experiments, normalized to protein. 
Error bars are S. E. of means.  Although there is no significant difference, 
there is an obvious trend of preference for PA-containing mixtures. 
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presence of 1 µM GTP or ATP, binding to liposomes was increased over control by 32 % 
(PC/PS), 27.5 % (PC/PE), 19.4% (PC/PA) and 48.1% (PC/PE/PA), remaining unchanged 
(97% of control) for liposomes formed from PC/PE/PS (n=3).  
 Similar results were obtained with purified eNDPK (Fig. 17): the purified protein 
bound to several combinations of phospholipids, and the binding was decreased by 1 mM 
GTP or ATP. Note that the last step of the purification procedures for both rNDPK A and 
eNDPK, involve elution of the enzyme from a dye column with ATP; as a result, both 
preparations are likely to be partially phosphorylated (Robinson et al., 1981) and 
therefore able to associate with liposomes in the absence of added NTP.  
 To further characterize the binding of NDPK to liposomes, we prepared liposomes 
from lipid mixtures that are more representative of intracellular membranes (Table 1). 
The lipid combinations and proportions in these mixtures are loosely based on the 
reported compositions (Zambrano et al., 1975; van Meer, 1998; Bremser et al., 1999) of 
membranes isolated from the endoplasmic reticulum (Mix 1), the Golgi (Mix 2) and 
plasma membranes (Mix 3).  Cytosolic NDPK from NIH-3T3 cells did not discriminate 
between liposomes made with lipid mixtures 1 and 2, but appeared to prefer mixture 3 
over mixture 2 (P<0.05). GTP release was observed with the three sets of liposomes, but 
was more prominent in the case of mixtures 2 and 3 (P< 0.05; Fig. 18).  Mixture 3 has the 
highest cholesterol content of all three, and therefore the highest dipole potential (Szabo, 
1974). It can be speculated that a higher dipole potential might increase NDPK binding to 
liposomes by way of electrostatic interactions. 
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A 
B 
 
Figure 17. Interaction of purified NDPK from human erythrocytes with 
liposomes of defined composition. Liposomes were incubated with eNDPK as 
described in Methods, centrifuged, and washed with buffer alone or buffer 
containing 1 mM GTP. The bound protein was detected by SDS-PAGE and 
immunoblotting. The bar graph shows the average band intensity, normalized to 
protein. A: n=3 for mixes of 2 lipids; n=2 for mixes of 3 lipids.  Error bars are S. 
E. of means. p=0.00002 comparing all Control to all GTP. 
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Figure 18. Interaction of cytosolic NDPK with liposomes 
containing phospholipids, cholesterol and sphingomyelin. 
Liposomes were incubated with cytosol from NIH-3T3 cells as 
described in Methods, centrifuged, and washed with buffer alone 
or buffer containing 1 mM GTP. The bound protein was detected 
by SDS-PAGE and immunoblotting. The bar graph shows the 
average band intensity, normalized to protein. Error bars are S. E. 
of means.  Mix 1 vs Mix 2, Mix 1 vs Mix 3, Ctr: p>0.05.  Mix 2 vs Mix 
3, Ctr: p=0.03.  Mix 1 and 2 Ctr vs GTP: p>0.05.  Mix 3 Ctr vs GTP: 
p=0.015. 
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   Taken together, these findings imply that the mechanism of binding to the 
liposomes and to the Mt/Ves isolated from cells is essentially the same. Furthermore, the 
results shown in Figures 15-18 demonstrate conclusively that the nucleotide-sensitive 
binding of NDPK to intracellular membranes can be reconstituted with a minimal set of 
components, namely purified enzyme and lipids.  
3.4 Discussion 
 We have used both morphological evidence and cell-free assays to demonstrate a 
physical association between NDPK, stabilized microtubules and membrane vesicles. 
The tight binding of NDPK to the Mt/Ves fraction and the full release induced by GTP 
and other substrates suggest that the interaction is specific. We hypothesize that the 
dynamic association of NDPK with microtubule-bound vesicles in fibroblasts is relevant 
to phospholipid synthesis as well as the operation of the multiple GTPases that control 
intracellular membrane transport. That is to say, in vivo, NDPK might associate with 
microtubule-bound vesicles when CTP or GTP levels are low, using nucleoside 
triphosphates such as ATP to phosphorylate CDP or GDP, whereas a rise in CTP or GTP 
levels leads to its release. Our data agree with studies by other groups implicating NDPK 
in intracellular vesicle trafficking processes. Thus, NDPK B is a component of isolated 
phagosomes (Garin et al., 2001) and the Drosophila homolog of NDPK, AWD, regulates 
dynamin-dependent synaptic vesicle recycling through a mechanism that requires its 
intrinsic NDPK activity, presumably GTP regeneration (Krishnan et al., 2001). 
Facilitation of dynamin-based endocytosis by NM23-H1 was also reported for 
mammalian cells (Palacios et al., 2002). Recently, Baillat et al. (2002) demonstrated a 
57
  
direct interaction between NDPK and dynamin I, as well NDPK and phocein, which is 
homologous to the σ subunits of clathrin adaptor subunits, supporting the idea that NDPK 
plays a role in vesicular traffic.   
 Our results demonstrate for the first time that soluble NDPKs can associate with 
membranes by binding directly to lipids. Thus, cytosolic and membrane-bound NDPK 
are one and the same entity. The interaction does not require additional proteins, although 
it is conceivable that it might be strengthened by additional interactions with other 
membrane components. Specifically, the data establish that soluble NDPKs can interact 
directly with phospholipids, and that the form with highest affinity for lipids is the 
phosphoenzyme. Therefore, the equilibrium between membrane-bound and soluble 
NDPK will be determined by the availability of the phosphorylated enzyme.   
 The equilibrium constant of the reaction ,  
[E~P][NDP]  Ω [E][NTP] 
  
 is in the range of 0.15 to 0.5 for NDPKs of various species (Garces and Cleland, 1969; 
reviewed in Lascu and Gonin, 2000). The concentration of ATP in vivo exceeds those of 
other NTPs, so [NTP]/[NDP] is approximately equal to the [ATP]/[ADP] ratio, which in 
most cells, including 3T3 fibroblasts (Takahashi et al., 1994), is around 10. Under these 
conditions, the ratio [E~P]/[E] is 1.5-5, allowing the binding of NDPK to membranes.  
  Because of the ping-pong mechanism of NDPK (Scheme 3), NDPs not only 
dephosphorylate E~P, but also bind to the free enzyme, E, acting as dead end inhibitors 
(Garces and Cleland, 1969). In either case, if E~P is the form that associates with 
membranes, NDP, in this case ADP, should inhibit NDPK or enzyme binding at all 
concentrations, either by removing free enzyme or by dephosphorylating E~P, and this is 
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what we see in Figure 14.  In contrast, the Km for ATP is 0.3 mM, one order of magnitude  
lower than its Ki for dead end inhibition, 3.1 mM (Garces and Cleland, 1969). Thus, the 
binding of NTPs to E~P forming abortive complexes (E~P.NTP) (Scheme 2) is only 
observed at very high concentrations of NTP and in the absence of significant amounts of 
NDP. This explains the progressive reduction in the amounts of NDPK associated with 
membranes as the concentration of ATP (and GTP) is raised.   
 Two critical questions remain: where does the lipid bind, and how is the catalytic 
cycle of NDPK coupled to the association and dissociation from membranes? The 3D 
structures of hexameric NDPK show a symmetrical arrangement that can be described as 
two identical trimers superimposed horizontally, forming a disk with a diameter of 70Ǻ 
and a thickness of 50Ǻ (Fig. 19; reviewed in Janin et al., 2000). There is a single 
nucleotide-binding site per subunit, and the top and bottom surfaces of the disk contain 
three active sites each. The binding site lies in a crevice lined with basic residues, 
between a loop and a hairpin formed by helices αA and α2. Preliminary studies using in 
silico docking (Fig. 20) indicate that this site might accomodate a phospholipid such as 
PA. In this aspect NDPK is reminiscent of the phosphatidylethanolamine-binding protein 
(PEBP), a 23-kDa basic protein that binds phospholipids as well as GTP (Serre et al., 
1998).  Similarly to NDPK, in the crystal structure of PEBP the ligand binding site lies in 
a narrow crevice near the surface, proximal to a strip of basic residues. Like NDPK, the 
bovine PEBP structure is not related to other nucleotide binding proteins, or to known 
lipid-binding proteins.  
 There are no detectable differences between the 3D structures of the 
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 Figure 19. Space-filled model of NDPK with ADP bound to active 
site.  View is of bottom of trimer. White: NDPK; Yellow: Histidine 
in active site; Blue/Red: ADP. 
 
 
Figure 20. In silico docking of phosphatidic acid into the 
nucleotide binding site of an NDPK monomer. 
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phosphorylated NDPK and the free enzyme (Morera et al., 1995), but binding of 
nucleotides to the active site results in a small conformational change, where the αA-α2 
hairpin moves 2Ǻ and locks the nucleotide in place. This suggests a mechanism by which 
the conformational change associated with nucleotide binding could trigger dissociation 
of NDPK from bilayers: in E~P, the nucleotide binding site is in the "open" 
conformation, allowing its binding to phospholipids, while occupation of the site, 
followed or not by phosphate transfer to NDP, closes the cleft and releases the enzyme 
from the lipid. Soluble NDPK is eventually rephosphorylated by NTP, and is again 
capable of associating with membrane lipids. 
  Our data are in agreement with results from other laboratories showing that 
NDPKs can interact with lipids. Kikkawa et al. (1992) found that soybean phospholipids 
had a stimulatory effect on NDPK activity, and recently Epand et al. (2007) demonstrated 
that mitochondrial NDPK-D (or NM23-H4) cross-links bilayers and transfers lipids 
between them. Note, however, that NDPK-D only transfers lipids between liposomes 
containing 30% mol/mol of cardiolipin, and the process is observed in the absence of 
added Mg2+ and nucleotides. The differences in behavior between cytosolic and 
mitochondrial NDPK isoforms are not surprising; although NDPK-D is structurally quite 
similar to NDPKs A and B, it is a very basic protein (with a pI of 10.3, whereas A and B 
have PIs of 5.8 and 8.5, respectively) and its sequence diverges significantly from those 
of the A and B isoforms.  
 In conclusion, our present studies suggest that in vivo the high [ATP]/[ADP] ratio 
promotes phosphorylation of NDPK and its association with membranes, where it could 
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transfer phosphate to locally generated NDPs. Schneider et al. (2002) suggested that 
because of its high concentration in the cytosol (Parks and Agarwal, 1973) and the 
expected prevalence of its phosphorylated state at normal [ATP]/[ADP] ratios, soluble 
NDPKs could serve as a cellular reservoir of high energy phosphate. Targeting of such a 
reservoir to membranes may be relevant to the operation of the pathways of phospholipid 
synthesis, which require CTP (reviewed in Voelker et al., 2000), as well as the multiple 
GTPases that control intracellular membrane transport. 
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CHAPTER 4: NDPK Moves into the Developing Primary Cilium 
4.1 Abstract 
 Immunofluorescence staining of murine NIH-3T3 fibroblasts grown at high 
density shows that cytosolic NDPKs A and B localize to a sensory organelle, the primary 
cilium. Similar results are obtained with Xenopus A6 and Madin-Darby canine kidney 
(MDCK) kidney epithelial cells, suggesting that NDPKs are a universal component of the 
primary cilium. The translocation of NDPK into primary cilia of A6 cells depends on 
size, taking place only when cilia reach a critical length of 5-6 µm. In mature cilia, 
NDPKs are distributed along the ciliary shaft in a punctate pattern that is distinct from the 
continuous staining observed with acetylated α -tubulin, a ciliary marker and axonemal 
component. We developed the first method for the isolation of a fraction enriched in 
primary cilia. This allowed us to determine that ciliary NDPK is enzymatically active, 
and is associated with the membrane and the matrix, but not the axoneme. In contrast, 
acetylated α-tubulin is found in the axoneme and, to a lesser extent, in the membrane. 
Based on the tightly regulated translocation process and the subciliary distribution pattern 
of NDPK, we propose that it plays a role in the elongation and maintenance of primary 
cilia through its ability to regenerate the GTP utilized by axonemal microtubule turnover 
and transmembrane signaling. 
4.2 Introduction 
 Members of the NM23/NDPK family are frequently found in association with 
microtubular structures (Nickerson and Wells, 1978; Jacobs and Huitorel, 1979; Huitorel 
et al., 1984; Pinon et al., 1999). Thus, although NDPKs A and B do not bind directly to 
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purified tubulin (Islam and Burns, 1985; Melki et al., 1992), these proteins co-localize 
with microtubules during interphase (Pinon et al., 1999), and bind to membrane vesicles 
associated with microtubules (Gallagher et al., 2003; Mitchell et al., submitted). NDPK A 
is a component of the centrosome and co-immunoprecipitates with γ-tubulin (Roymans et 
al., 2000), and NDPK is one of the nucleotide metabolizing enzymes found in 
Chlamydomonas flagella and Tetrahymena cilia (Watanabe and Flavin, 1976). NDPKs A 
and B, as well as NM23-5, localize to flagella of spermatozoa (Munier et al., 2003), and 
NM23-5 and 7 are associated with the isolated axoneme of human respiratory cilia 
(Ostrowski et al., 2002). NM23-8 is located in the fibrous sheath, a cytoskeletal structure 
that envelops the sperm axoneme (Miranda-Vizuete et al., 2003), and is also expressed in 
the respiratory tract (Duriez et al., 2007). NM23-9 is present in axonema from cilia and 
spermatids, and one of its splice variants binds directly to microtubules (Sadek et al., 
2003). 
 During our studies of the intracellular localization of NDPKs A and B, we found 
that these proteins localize to a microtubule-based structure called the primary cilium. 
Primary cilia are hair-like projections originating from the mother centriole present in 
most vertebrate cells, whose membrane and internal composition differ from those of the 
cell (for reviews see Poole et al., 1985; Wheatley et al., 1996; Pazour and Witman, 2003; 
Praetorius and Spring, 2005; Satir and Christensen, 2007; Satir and Christensen, 2008). 
Although discovered over a century ago (Zimmerman, 1898), other than structural 
characteristics and prevalence, little was known about primary cilia until fairly recently. 
The internal structure of primary cilia differs noticeably from that of motile cilia and 
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flagella: whereas the latter's axoneme is composed of nine peripheral doublet 
microtubules surrounding two singlet microtubules (9+2 arrangement), primary cilia do 
not have the core doublet and thus are called "9+0" cilia. Primary cilia also lack other 
structures linked to motility, such as dynein arms, nexin links and radial spokes, and are 
thus considered, with the exception of the cilia of the node (or embryonic organizer) of 
gastrula stage embryos, to be immotile.  
 Primary cilia were at first thought to be vestigial appendages devoid of function. 
Subsequent studies (e.g. Gallagher, 1980) noted their widespread presence and conserved 
ultrastructure, suggesting that these organelles may have an important function in cells. 
Some hypothesized that primary cilia might have a sensory role (see Poole et al., 1985 
and references thereof), but proof of this function was missing until the last several years. 
Clear-cut evidence came from the work of Praetorius and Spring (2001; 2003) who 
demonstrated that primary cilia act as flow sensors in renal cells, responding to bending 
with increases in intracellular calcium. Now, work from several laboratories upholds the 
idea that primary cilia are sensory organelles (reviewed in Pazour and Witman, 2003).  
Notably, mutations that induce defects in primary cilia are connected with a series of 
pathological conditions, among these renal cystic disease, situs inversus, and retinitis 
pigmentosa (Pazour and Rosenbaum, 2002; Sloboda, 2002; Luo et al., 2003; Davenport 
and Yoder, 2005). Recently, Duriez et al. (2007) identified defects in the gene encoding 
NM23-H8, including a truncation that removes the active site region of the first NDPK 
domain and the entire second NDPK domain, in patients with primary ciliary dyskinesia 
(Duriez et al., 2007). Other mutations that affect the formation and/or structure of 
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primary cilia lead to liver and pancreas problems and developmental abnormalities 
(reviewed in Michaud and Yoder, 2006). Loss of primary cilia after development has 
been shown to lead to hyperphagia and obesity, in a syndrome similar to that caused by 
loss of neurons of the pro-opiomelanocortin (POMC) region of the brain (Davenport et 
al., 2007). 
 A number of studies have shown that in several cell types elements of signaling 
pathways such as the polycystins and GPCRs for serotonin (5-HT6) and somatostatin 
(sst3), PDGF receptor (PDGFR)-αα and hedgehog (Hh) signaling localize specifically to 
the membrane of primary cilia (Brailov et al., 2000; Schulz et al, 2000; Pazour et al., 
2002; Yoder et al., 2002; Corbit et al, 2005; Schneider et al., 2005). Indeed, many of the 
diseases cited above arise from signaling defects in the primary cilia (Christensen et al., 
2007). For this reason, the primary cilium has been aptly described as the cell's antenna 
(Pazour and Witman, 2003) which initiates responses to stimuli that control 
differentiation, development and proliferation. Because NDPKs have been reported to 
affect all the latter processes by unknown mechanisms (reviewed in Otero, 2000; Kimura 
et al., 2000; Arnaud-Dabernat et al., 2003), our results raise the possibility that the clue to 
some of these cellular functions of cytosolic NDPKs is their localization in primary cilia.  
4.3 Results 
4.3.1 NDPK is present in primary cilia of NIH-3T3 fibroblasts 
 Labeling of sub-confluent, serum-deprived NIH-3T3 fibroblasts with an antibody 
to a conserved region of NDPKs A and B, Ab-1, produces a strong signal in the nucleus 
and in the cytoplasm, as previously described (Gallagher et al., 2003). However, in cells 
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grown at high density, Ab-1 labels an additional, rod-like organelle that varies in length 
from 1-5 µm. This structure is found near the nucleus of virtually all cells in the specimen 
(Fig. 21), and has the morphology of a primary cilium. Primary cilia contain stable 
microtubules that are enriched in a post-translationally modified form of tubulin, 
acetylated α -tubulin (Piperno et al., 1985; Piperno et al., 1987). When we labeled cells 
simultaneously with Ab-1 and antibodies to acetylated α-tubulin we observed overlap of 
the two labels in this structure (Fig. 21, merged). In addition, the antibody to NDPK 
labels the nucleus, while acetylated α -tubulin is present in some cytoplasmic 
microtubules. However, as seen in the merged image (Fig. 21) and in the insets, the co-
localization of the two antigens is limited to the primary cilia, whose dual labeling is 
sufficiently well defined to be readily visible in nearly all cells. These results indicate that 
NDPKs A and B are components of primary cilia of murine fibroblasts. Nevertheless, the 
cilia in these cells are diminutive, and as a result the details of the distribution of NDPKs 
are difficult to discern. In contrast, other cell types such as kidney epithelial lines form 
polarized monolayers with apical primary cilia that are remarkably long. Therefore, we 
carried out the next set of experiments in the A6 cell line derived from the distal nephron 
of Xenopus laevis, using affinity-purified antibodies to amphibian NDPK to detect its 
localization.  
4.3.2 NDPK localizes to primary cilia of A6 kidney epithelial cells 
 Localization of acetylated α -tubulin and NDPK was examined in A6 cells 
cultured in complete medium for 7-9 days post-confluence. Under these conditions the 
incidence of primary cilia is high, and they are far longer than those seen in NIH-3T3 
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cells. Our measurements show that in A6 cells cilia can extend up to 50 µm from the 
apical surface, with the average length being 23.4 µm (n=53). In flow-fixed preparations 
(Fig. 22, a,b) NDPK and acetylated α -tubulin co-localize along the shaft of the cilia; 
overlap is also seen in swellings at the tip of cilia (see below). To determine whether the 
co-localization of acetylated α -tubulin and NDPK in renal epithelial cells is indeed 
restricted to the primary cilium as seen in 3T3 cells, confluent A6 cells already 
expressing cilia were lifted gently, re-plated at lower density and allowed to adhere for 2 
hours before staining. This approach reduces cell density without removing all primary 
cilia, allowing examination of the labeling pattern of individual cells. Figure 22 (c,f) 
shows clear overlap of the two labels in the primary cilium. Together with the data from 
NIH-3T3 cells, these results demonstrate that NDPK is a regular component of mature 
primary cilia.  
In images taken at higher magnification, a distinctive feature of the distribution of 
NDPK in cilia becomes evident: unlike acetylated α -tubulin (Fig. 23a), NDPK is not 
evenly distributed inside the cilium. Rather, it is present in discrete spots distributed in an 
irregular pattern along the length of the cilia (Fig. 23b). Thus, the co-localization with 
acetylated α -tubulin is not complete, suggesting that NDPK is not a component of the 
axoneme. Also, these images show that NDPK is concentrated in the cilium, but not at 
the area around its base. This localization pattern is similar to those reported for proteins 
linked to renal kidney disease, cystin (Hou et al., 2002) and inversin (Morgan et al., 
2002).   
4.3.3 NDPK distribution during primary cilium development in A6 cells. 
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 Figure 22. Localization of NDPK in primary cilia of A6 kidney epithelial 
cells. A6 cells were grown in full medium for 7 days post-confluence and 
either fixed and stained directly (a,b), or lifted, replated at a lower density, 
and stained after 2 h (c,d). Acetylated α-tubulin (a,c); NDPK(b,d). Arrow in 
d shows primary cilium. Bars: 20 µm. 
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 Our next objective was to determine whether NDPK is present throughout 
primary cilia development. To this end, we lifted subconfluent A6 cells that were not yet 
expressing cilia, plated them at high density, and stained the specimens at intervals with 
antibodies to acetylated α -tubulin and to NDPK. Primary cilia were absent from 
spreading cells, and became evident only when cells were 70-80% confluent (Fig. 24a). 
At this stage just a few cells had cilia; some of these structures were rather short and did 
not stain for NDPK (Fig. 24a, b, c, arrowhead), in contrast to the longer ones (Fig. 24b, 
arrow). At 90-95% confluence cells were still dividing (see mitotic spindle in 24d), but 
the length and incidence of primary cilia had increased considerably, and all contained 
NDPK (Fig. 24e). Confluent cells fixed 9 days after plating expressed very long cilia 
(Fig. 24g) that stained strongly for NDPK (Fig. 24h). Surprisingly, analysis of the data by 
measuring cilia and determining whether they are positive or negative for NDPK shows 
that the translocation of this protein into primary cilia is abrupt, taking place when cilia 
reach 5-6 µm (Fig. 25). This observation indicates that NDPK is not involved in the early 
processes of primary cilia assembly, but becomes a part of these organelles as they 
mature and elongate, and that transport of NDPK into cilia occurs at a definite stage of 
cilium elongation. This suggests in turn that entry of NDPK into the cilium is a tightly 
regulated event. In a previous example of regulated movement of a protein into flagella, 
Aurora A kinase was rapidly translocated into Chlamydomonas flagella in response to 
rises in cAMP (Pan and Snell, 2000). However, in contrast to NDPK, which appears 
during cilium formation, Aurora A is recruited to mature, pre-existing flagella.  
4.3.4 NDPK is present in isolated primary cilia. 
71
  
  
 
Figure 23. NDPK stains primary cilia in a punctate pattern. A6 cells grown in full medium 
for 7 days post confluence were fixed, stained with antibodies to acetylated α-tubulin 
(Left) and NDPK (Center) and photographed at high magnification (100X objective). 
Merge, right panel. 
 
Figure 24. Localization of NDPK during primary cilium development. Subconfluent A6 
cells not yet expressing primary cilia were plated at high density and stained at intervals 
of 6 h (a,b,c), 24 h (d,e,f), and 9 days (g,h,i). Acetylated α-tubulin (a,c,e); NDPK (b,d,f). 
Arrows in b and e show some of the primary cilia staining for NDPK; arrows in h point to 
exceptionally long primary cilia. Arrowhead in b indicates a short cilium that stains 
strongly with anti acetylated α-tubulin but lacks NDPK. A mitotic spindle stained by anti 
acetylated α-tubulin is indicated by an asterisk (*) in d.  
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 NDPKs A and B, as well  as the amphibian NDPKs, are by and large cytosolic 
proteins. Nevertheless, they are also found in the nucleus, in the plasma membrane of 
stimulated cells, and in association with the centrosome, cytoskeletal elements, vesicular 
compartments and sperm flagella (see Introduction). Biochemical approaches based on 
isolated 9+2 cilia and flagella have been useful in the identification of ciliary 
components, their localization inside the cilium and the interactions governing their 
import into these organelles. However, when we started this work, there were no 
published methods for isolation of primary cilia, most probably because in the majority of 
cell lines there is only one per cell, they are diminutive, and accordingly comprise a 
minute fraction of total cell volume (Gallagher, 1980). The feasibility of a successful 
isolation is higher in A6 cells, which have a high incidence of long primary cilia when 
cultured for an extended period post-confluence (Figs. 21 and 24). Based on the 
observation that shear forces can easily lead to deciliation of specimens (Gallagher, 
1980), we developed a procedure for isolating primary cilia from A6 cells using brief 
mechanical agitation in saline followed by differential centrifugation. To prevent damage 
to the cilia, we avoided detergents and chemicals such as dibucaine, as well as extremes 
of pH and high calcium, which are common in cilia/flagella isolation (Watson and 
Hopkins, 1962; Rosenbaum and Child, 1967; Linck, 1973; Anderson, 1974; Hastie, 1986; 
Zhang et al., 1991). This mild approach also prevented lysis of cells, which remain 
largely intact after the procedure (Fig. 26), thus reducing contamination of the primary 
cilium fraction with proteins from the cell body. This method was also successfully used 
to remove primary cilia from MDCK. Because the latter require weeks of time in culture 
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Figure 25. Translocation of NDPK into the primary cilium is length-dependent. The 
apparent lengths of cilia were measured in images of cells treated as in Figure 24, 
and fixed combed after intervals of 6 to 8 h post-plating. Each cilium was measured 
using the image stained for acetylated α-tubulin and then categorized by visual 
inspection of 3–5 thru-focus images as positive or negative for NDP kinase; the result 
(NDPK - or +) was plotted against length. 
 
 
Figure 26.  Cells remain intact after removal of primary cilia.  A6 cells before and after 
deciliation were fixed and stained with anti-NDPK (green) and anti-acetylated α-
tubulin (red).  Bar = 25µM 
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to grow cilia of lengths suitable for biochemical and developmental studies, most of the 
results reported here were obtained using A6 cells. 
 Analysis of the protein composition of the preparation obtained through this 
method by SDS-PAGE and staining with Coomassie Blue demonstrates that this fraction 
differs considerably from whole cell extracts. The pattern seen in Figure 27a is very 
reproducible between different preparations, with the most prominent bands in the whole 
cilia fraction migrating at 31, 47, 54, 60, 82, 105 and 146 kDa.  
Immunoblot analysis of the primary cilium fraction is shown in Figure 27b. 
Comparison of the signal for the ciliary marker acetylated α-tubulin in equal amounts (10 
µg) of whole cell extracts and primary cilium preparations (Fig. 27b, upper panel) shows 
a strong band at 54 kDa in the isolated primary cilium, but no detectable reaction with the 
whole cell extract, as expected from an antigen present at low levels in cells (Piperno et 
al., 1987). Thus, the procedure used here yields a fraction highly enriched in a specific 
ciliary marker. More importantly, isolated primary cilia contain substantial amounts of 
NDPK, although proportionately less than whole cell lysates (70%; Fig. 27b, lower 
panel). Note that although three NDPKs have been identified in Xenopus (Ouatas et al, 
1997), these proteins are virtually identical in terms of amino acid sequence (>96% 
identity), size and isoelectric point and are not resolved by SDS-PAGE, thus only one 
band of about 18 kDa is seen in immunoblots.  
 Assay of the primary cilium fraction for NDPK activity shows a specific activity 
of 1 µmol/mg/min, about 60% of the activity measured in whole cell lysates, 1.7 
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µmol/mg/min, and in agreement with the estimate made by densitometry of immunoblots. 
Therefore, ciliary NDPK is active as an enzyme. 
4.3.5 NDPK is present in the matrix and membranes of primary cilia isolated from 
A6 cells. 
 Our next objective was to determine whether NDPK is present in primary cilia as 
a soluble matrix protein, an axonemal component or in association with the surface 
membrane. To do so, we fractionated isolated primary cilia by a procedure involving 
sequential freeze/thaw, nucleotide treatment and detergent extraction. Immunoblotting of 
these fractions indicates that NDPK is present in the matrix and membranes, but not in 
the axoneme-containing pellet (Fig. 27c). The subciliary distribution of NDPKs in 
primary cilia differs markedly from to the axonemal association of NM23-5, 7 and 9 in 
9+2 cilia and flagella (Ostrowski et al.; 2002, Munier et al., 2003). Further, this lack of 
association with the axoneme confirms the observations made in intact cells, where the 
staining pattern of NDPK differs from that of acetylated α-tubulin (Fig. 23). Indeed, the 
bulk of acetylated α -tubulin was found in the axoneme, with lesser amounts in the 
detergent extract and only traces in the matrix (Fig. 27c). The presence of acetylated α-
tubulin in fractions other than the axoneme was at first unexpected, given that acetylation 
of α -tubulin takes place after microtubules polymerize (Piperno et al., 1987). However, 
Qin et al. (2004) have also found this protein in the membrane+matrix fraction of 
Chlamydomonas flagella, and suggested that soluble acetylated α-tubulin is a by-product 
of axonemal turnover, being returned to the cell body by retrograde intraflagellar 
transport (IFT).  
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 Because nucleotides release NDPK from intracellular membrane vesicles 
(Gallagher et al., 2003; Mitchell et al., submitted), we sought to determine whether this is 
also the case for primary cilia membranes. However, there was no release of NDPK when 
we extracted the membrane+axoneme fraction with 1 mM GTP or 10 mM ATP (Fig. 27 
c,d), indicating that distinct mechanisms underlie its binding to ciliary and intracellular 
membranes. 
4.3.6 Appearance of isolated primary cilia 
 Preparations of primary cilia were examined by microscopy to assess yield and 
composition. Figure 28a shows that the fraction contains a large number of structures of 
varying length with the expected tubular shape. Most of these structures have a swelling 
at one end, which is probably the bulbous tip frequently seen in renal primary cilia (Fig. 
28a). In some cases, the tubular portion attached to the rounded tip is very short; 
furthermore, numerous structures have the characteristics of these globular tips, but no 
visible axoneme. Immunofluorescence analysis of the isolated primary cilium fraction 
confirms that the preparation contains not only typical cilia, but also round structures of 
roughly the size of ciliary tips (Fig. 28b) that stain for both acetylated α -tubulin and 
NDPK (Fig. 28c). Structures that contain only NDPK, presumably cell debris, are also 
visible (Fig. 28c), and constitute an estimated 40-60% of the isolated primary cilia 
fraction.  
 Taken together, the data suggest that our isolation protocol causes rupture of the 
ciliary stem at different positions, and that often this break takes place at the very base of 
the distal swelling. The resulting ciliary tip is of particular interest, because it is the site 
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 Figure 28. The primary cilia fraction contains whole cilia and ciliary tips. Primary 
cilia were isolated as in Methods. a: Negatively stained samples were examined by 
electron microscopy. b: Isolated primary cilia preparations were fixed and doubly 
stained with antibodies to acetylated α-tubulin and NDPK. c: A6 cells were fixed 
and stained as in b. Red: acetylated α-tubulin; green, NDP kinase; yellow, overlap 
regions. Arrows indicate primary cilia, and arrowheads point to ciliary tip-like 
structures. Bars: (a) 5 µm; (b,c) 25 µm. 
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of microtubule assembly and disassembly, as well as the area where IFT particles release 
their cargo, reload, and reverse direction, returning to the base of the cilium (Rosenbaum 
and Witman, 2002).  
4.3.7 Expression of EGFP-tagged NDPK  
 In attempt to observe NDPK’s entry into primary cilia, we transfected NIH-3T3 
and A6 cells with EGFP-tagged NDPK's A and B. The vector utilized here was 
successfully employed by Milon et al. (2000) to confirm the mitochondrial localization of 
NDPK D in mammalian cells. The caveat is that the molecular weight of monomeric 
NDPK A and B is about 20 kDa, much lower than that of EGFP (29 kDa), and the size of 
the tag could conceivably affect the localization patterns of the protein under study. 
Moreover, because NDPK is a hexamer, hypothetically up to six EGFP tags (Fig. 29) 
could end up on one NDPK unit, greatly increasing its volume, and potentially changing 
both its mobility within the cell and its ability to interact with other proteins. Indeed, this 
seems to be the case, as in 5 separate experiments, EGFP-tagged NDPK A and B failed to 
enter primary cilia in NIH-3T3 (Fig. 30) and A6 (Fig. 31) cells, although both proteins 
retained their normal localization pattern in the cell periphery and cytosol (Figs. 30 and 
31). Thus, the addition of the EGFP moiety affects adversely the portion of NDPK that 
carries the signal needed for entrance into the primary cilium. This confirms that the 
primary cilium is very selective in the components that it admits.  
 
4.3.8 Binding partners of NDPK and another NM23/NDPK are present in primary 
cilia 
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 Figure 29.  Model of EGFP-tagged NDPK with an EGFP tag on each monomer. 
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Figure 30.  EGFP-tagged NDPK does not enter the primary cilium of NIH-3T3 cells.  
NIH-3T3 cells transfected with EGFP-tagged hNDPKs A and B and stained with 
anti α-acetylated tubulin (red).  
 
 
Figure 31.  EGFP-tagged NDPK does not enter the primary cilium of A6 cells.  A6 
cells transfected with EGFP-tagged hNDPK A and stained with anti α-acetylated 
tubulin (red).  
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 As the NDPK in primary cilia membranes is not released by nucleotides in the 
same manner as seen with NDPK in Mt/Ves, it may be targeted to the primary cilium by 
association with other proteins. We used immunofluorescence methods to test for NDPK 
binding partners, including the mitotic kinase Aurora A (Du and Hannon, 2002), the 
small GTPase Arf6, which recruits it to cell-cell junctions (Palacios et al., 2002), the Rac 
guanine nucleotide exchange factor Tiam1 (Otsuki et al., 2001) and dynamin (Krishnan et 
al., 2001; Baillat et al., 2002). We found no evidence of primary cilium localization of 
any of these proteins in A6 or MDCK cells. However, we did find that four NDPK 
binding partners previously identified by our lab [creatine kinase (CK), glyceraldehyde-
3-phosphate dehydrogenase (GAPD), pyruvate kinase (PK) and vimentin (VIM); Otero, 
1997] localize to primary cilia. Figure 32 shows images of MDCK and A6 cells stained 
for PK, VIM, CK and GAPD, and reveals that all four proteins are present in primary 
cilia of renal cells. The intermediate filament protein vimentin interacts with the 
cytoplasmic portion of polycystin-1 in kidney epithelial cells (Xu et al., 2001) and may 
participate in the signaling network associated with the primary cilium. The metabolic 
enzymes  are probably involved in ATP production for molecular motors, and like NDPK 
in primary cilia, pyruvate kinase is present in the membrane and matrix fractions of 
flagella (Mitchell et al., 2005). Thus, any of these NDPK binding partners may mediate 
its association with specific intra-ciliary compartments.  
 Because NM23-H5 is known to localize to sperm flagella, we also tested for its 
presence in primary cilia. Figure 33 shows that NM23-H5 localizes only to a few cilia in 
which it stains the middle, but not the top or bottom of the cilia, so its staining pattern 
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Figure 32. Binding partners of NDPK localize to primary cilia.  MDCK and A6 
cells stained for pyruvate kinase (PK), vimentin (VIM), creatine kinase (CK), 
and glyceraldehyde-3-phosphate dehydrogenase (GAPD). 
 
Figure 33. NM23-H5 localizes to some, but not all, primary cilia.  A6 cells stained 
for H5 (green) and acetylated α-tubulin (red). 
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overlaps only partially with that of acetylated α-tubulin. Therefore, NM23-H5 probably 
does not affect the localization of cytosolic NDPKs in primary cilia. Also, the function of 
NM23-H5 in primary cilia is likely to be distinct from that of NDPKs A and B. 
4.4 Discussion 
Our data indicate that conventional NDPKs are present in primary cilia of 
mammalian and amphibian cells, and are found in cilia from different cell types, namely 
fibroblasts and epithelial cells. These results were confirmed by the finding of NDPK in 
the matrix and membrane fractions of preparations enriched in primary cilia. Therefore, 
NDPKs are universal components of primary cilia. Taken together with the finding that 
NDPKs A and B are also observed in sperm flagella (Munier et al., 2003), we expect that 
these proteins will be eventually found in all cilia and flagella.  
 Cilia and flagella are made of 200-250 proteins (Rosenbaum and Witman, 2002), 
which are synthesized in the cell body. The compositions of the ciliary membrane and 
matrix are distinct from those of the plasma membrane and cytosol, indicating that strict 
sorting and targeting mechanisms allow only a limited set of proteins into these 
structures. This selectivity appears to be accomplished through a "filter" at the base of 
cilia, as well as through specific interactions with IFT particles (Rosenbaum and Witman, 
2002; Scholey, 2003). IFT is the process by which motors such as kinesin and dynein 
move large multimeric complexes of proteins along the axoneme using microtubule 
tracks. The possibility of a link between NDPK and IFT is suggested by the punctate 
staining pattern of NDPK along the ciliary shaft, which is reminiscent of that seen with 
IFT proteins (Cole et al., 1998; Deane et al., 2001). Furthermore, the intraflagellar 
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distribution of NDPK to the matrix and membrane fractions of primary cilia, but not to 
the axoneme, is also typical of components of IFT particles and motors (Cole et al., 1998; 
Qin et al., 2004). On the other hand, IFT proteins are characteristically concentrated at 
the base of primary cilia (Cole et al. 1998; Deane et al., 2001; Taulman et al., 2001), and 
NDPK is not. Hence, we expect that NDPK is a cargo of IFT, but not an IFT component. 
Axonemal length also seems to influence the function of the sensory machinery 
present in cilia. For example, measurements of the mechanosensory ability of MDCK 
cells during reciliation show that recovery of the flow-induced Ca2+ response takes place 
only when the growing cilia reach a critical length of 3-4 µm (Praetorius and Spring, 
2003), which is comparable to the 5-6 µm threshold we find for NDPK translocation into 
the cilia of A6 cells. Furthermore, Nauli et al. (2003) found that the flow-sensing 
response of embryonic kidney cells, mediated by polycystins 1 and 2, is absent from cells 
with few, underdeveloped short cilia. By analogy, the length-dependent translocation of 
NDPK into the primary cilium of A6 cells suggests that it plays a role in the sensory 
machinery of cilia. 
 The observation that axonemal microtubules are dynamic structures and are 
constantly assembling and disassembling (Marshall and Rosenbaum, 2001; Song and 
Dentler, 2001) suggests a possible role for NDPK in cilia elongation and maintenance.  
Particularly, microtubule turnover leads to the hydrolysis of considerable amounts of 
GTP, but cellular GTP levels are 5-10-fold lower than those of ATP, and diffusion may 
not be sufficient to provide an adequate [GTP]/[GDP] ratio along a thin, long cilium, in 
particular at the tip. Conventional NDPKs can regenerate GTP from GDP and ATP at 
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high rates, and are a source of GTP for endocytosis (Krishnan et al., 2001; Palacios et al., 
2002). We suggest that translocation of NDPK into growing cilia reflects increased GTP 
demand during microtubule disassembly, which would become significant only after the 
cilium reaches a preset length. Transport of NDPK into cilia at this stage would provide a 
source of GTP and allow for accelerated turnover of axonemal tubulin. Additionally, 
GTP regeneration by NDPK might sustain the activity of ciliary GTPases involved in 
sensory signaling through G-protein-coupled receptors (Pazour and Witman, 2003) and in 
IFT (e.g., IFT27, Rosenbaum and Witman, 2002). 
 In summary, our immunofluorescence localization and biochemical studies 
provide evidence showing that cytosolic NDPKs are standard components of primary 
cilia in fibroblasts and epithelial cells, and that entry of NDPKs into the cilium takes 
place only after a critical length is reached. Furthermore, the development of the first 
procedure for the isolation of a fraction enriched in primary cilia from A6 cells allowed 
us to determine that NDPKs are associated with the membranous and soluble 
compartments of cilia where transport and signaling processes take place, a location 
consistent with a role in GTP replenishment. 
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CHAPTER 5: CONCLUSION AND REFERENCES 
5.1 Conclusion 
 NDPK is involved in numerous essential cellular processes. It is therefore likely 
that it regulates and is regulated by multiple proteins and other components such as 
lipids. Determining its spatial distribution inside cells is essential to the determination of 
how it performs its various tasks. Our studies of the mechanisms by which NDPK 
associates with different organelles may be relevant to the understanding of its role in 
normal cellular processes and their alterations in human disease.  
Our finding that NDPK is translocated when the Rac1 pathway is activated by 
receptor tyrosine kinases and G protein-coupled receptors shows that NDPK’s cellular 
localization is a dynamic process, influenced by external stimuli. More importantly, what 
initially appeared to be a static, constitutive association with intracellular vesicles was 
revealed to be another dynamic process, relying on a novel, direct interaction of NDPK 
with lipids and controlled by NDPK's catalytic cycle and the energy charge of the cell.  
Finally, the discovery that NDPK is a component of the primary cilium that enters 
this organelle at a precise stage of ciliary development implies again that the intracellular 
localization of NDPK is dynamic and responsive to specific signals. As relatively few 
proteins are found in primary cilia, and NDPK is one of them, it must serve an important 
function in the working of this sensory organelle. 
Overall, the results presented here add to what is an increasingly complex view of 
the function of NDPKs, once more confirming that these plain, cytosolic housekeeping 
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enzymes are essential components of a variety of events, able to change their intracellular 
location in response to both external and internal cues.  
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Summary  
We used immunofluorescence techniques to determine the localization of nucleoside diphosphate 
(NDP) kinase in NIH-3T3 fibroblasts. We found that cytoplasmic NDP kinase can be separated 
into two populations according to subcellular localization and response to extracellular stimuli. 
Specifically, within minutes of stimulation of resting fibroblasts with serum, growth factors or 
bombesin, a portion of NDP kinase becomes associated with membrane ruffles and lamellipodia. 
Another pool of NDP kinase accumulates independently of stimulation around intracellular 
vesicles. Transfection of cells with activated Rac mimics, whereas expression of dominant negative 
Rac inhibits, the effects of extracellular stimulation on the translocation of NDP kinase to the cell 
cortex. Neither Rac mutant affects the vesicle-associated pool. Association of NDP kinase with 
vesicles depends on microtubule integrity and is disrupted by nocodazole. In cell-free assays NDP 
kinase binds tightly to membrane vesicles associated with taxol-stabilized microtubules. Binding of 
NDP kinase to this fraction is reduced by ATP and abolished by GTP, as well as guanine 
nucleotides that are NDP kinase substrates. Thus, the localization of the two NDP kinase pools 
identified here is regulated independently by distinct cellular components: the appearance of 
cortical NDP kinase is a consequence of Rac activation, whereas vesicular NDP kinase is responsive 
to microtubule dynamics and nucleotides, in particular GTP. These results suggest that in 
fibroblasts NDP kinase participates in Racrelated cortical events and in GTP-dependent processes 
linked to intracellular vesicle trafficking.  
Key words: NDP kinase, NM23 , 
Microtubules, Rac 
 
Introduction  
The NM23/NDP kinase gene family encodes a group of eight homologous proteins with conserved 
structure. In higher organisms NDP kinases A and B are the most abundant members of the group and they 
are the best characterized to date (Lacombe et al., 2000). The bulk of mammalian NDP kinase A and B are 
cytosolic and form stable heterohexamers that can only be resolved into homogeneous preparations of NDP 
kinase A and B polypeptide chains after denaturation (Gilles et al., 1991). Using ATP as a phosphate donor 
for the synthesis of other nucleotides such as GTP, UTP and CTP, NDP kinases play an important role in 
the synthesis of nucleic acids and proteins, as well as in the metabolism of sugars and lipids (Lacombe et 
al., 2000). In recent years, it has become apparent that changes in the expression levels or modifications in 
the structure of NDP kinases alter functions as diverse as development, cell migration and differentiation in 
unexpected ways, leading to the suggestion that NDP kinases are multifunctional proteins (Otero, 2000; 
Kimura et al., 2000; Postel et al., 2002). For instance, members of this family were reported to inhibit 
growth-factor-induced cell motility of breast cancer cells (Kantor et al., 1993), attenuate the desensitization 
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of muscarinic-activated atrial K+ channels (Xu et al., 1996; Otero et al., 1999) and regulate synaptic vesicle 
internalization in Drosophila (Krishnan et al., 2001).  
At the molecular level, the finding that NM23-H1 (human NDP kinase A) interacts with Tiam1, a Rac 
guanine nucleotide exchange factor, and downregulates Tiam1-Rac1 signaling, implied that it could affect 
remodeling of the actin cytoskeleton (Otsuki et al., 2001). More recently, Palacios et al. demonstrated that 
constitutively activated ARF6 binds NM23H1 and recruits NM23-H1 to cell junctions (Palacios et al., 
2002). The presence of NM23-H1 at these sites facilitates dynamin-dependent endocytosis and downregulates 
Rac1 activity. Additionally, NM23-H2 (human NDP kinase B) was found to be linked to β  -integrins 
through integrin cytoplasmic domain associated protein 1-α (ICAP1-α ) (Fournier et al., 2002), which 
inhibits activation of Rac1 and Cdc42 GTPases during integrin-mediated cell adhesion (Degani et al., 2002). 
Taken together, these reports hint at the multiple ways by which NDP kinases A and B could affect cell 
adhesion, signaling and motility. One important question is whether activation of surface receptors that 
trigger signal transduction pathways can modulate the subcellular distribution of the essentially cytosolic 
NDP kinases A and B in a manner that is spatially and temporally consistent with a role in signaling. In 
the present study, we examined the ability of NDP kinases A and B to respond to activation of receptor 
tyrosine kinases and G-protein-coupled receptors (GPCRs) by monitoring their spatial distribution in 
NIH-3T3 fibroblasts. These experiments allowed us to identify two distinct pools of NDP kinase in these 
cells: one population is rapidly translocated to the cell periphery when receptors are activated, whereas a 
second pool binds constitutively to microtubule-associated vesicles.  
Vesicular NDP kinase is released by nucleotides, with GTP being more efficient than ATP; this suggests 
that NDP kinase might associate with intracellular vesicles when GTP levels are low, in order to provide 
the substrate used by the many GTPases that control intracellular trafficking. 
 
Materials and Methods  
Materials  
Epidermal growth factor (EGF) and nucleotides were from Roche Molecular Biochemicals. Rhodamine-labeled 
phalloidin, Taxol, nocodazole, bombesin, 2,3-butanedione monoxime (BDM) and platelet-derived growth factor 
(PDGF) were from Sigma-Aldrich. Texas Red dextran (lysine-fixable, 70,000 Mr) was from Molecular Probes. The 
expression plasmid for N-terminal 3× -hemagglutinin (HA)-tagged human Rac1 (G12V and T17N mutants) was 
from the Guthrie cDNA Resource Center (Sayre, PA); the green fluorescent protein (GFP) vector pGreen Lantern 
was from Life Technologies. Gradient SDS-PAGE gels were from BioRad.  
The monoclonal antibody specific for NDP kinase A (NM301) was from Santa Cruz Biotechnology; this 
antibody does not recognize NDP kinase B. Immunofluorescence staining of NDP kinase was also performed with a 
polyclonal antibody, Ab-1 (Labvision, Freemont, CA), raised to a homologous inner region of human NDP 
kinases A and B (amino acids 86-102). This antibody reacts with two proteins with the relative mobility of NDP 
kinase A and B in immunoblots of lysates from NIH-3T3 cells; no cross-reactivity with other proteins was 
detected (not shown). Although Ab-1 yielded similar results to NM301, it often stained cell nuclei, in agreement 
with the finding that NDP kinase B can localize to the nucleus (Kraeft et al., 1996; Pinon et al., 1999; Barraud et 
al., 2002). Like other rodent cells (Kimura et al., 2000; Barraud et al., 2002), NIH-3T3 fibroblasts express much 
higher levels of NDP kinase B than NDP kinase A (not shown). Therefore, the signal obtained with Ab-1 is 
presumably dominated by the B isoform. NDP kinase was detected in immunoblots with a rabbit polyclonal 
antibody that recognizes mammalian NDP kinases A and B (a generous gift from I. Lascu, Université de Bordeaux). 
Other antibodies used were: polyclonal anti-Rab4 (StressGen), polyclonal anti-Tiam1 (Santa Cruz), monoclonal 
anti-Rac (clone 23A8, Upstate Biotechnology) monoclonal anti-HA epitope tag (12CA5, Exalpha), monoclonals 
anti-LAMP-1, anti-kinesin heavy chain and Na+,K+-ATPase (1D4B, SUK4 and α 5, respectively, from the 
Developmental Studies Hybridoma Bank, Iowa) and monoclonal anti-α -tubulin (clone DM1A, Sigma-Aldrich). 
Texas Red-transferrin and all secondary antibodies (Texas Red or Cy2 conjugates, multiple labeling grade) were 
from Jackson Immunoresearch Laboratories. Specificity of immunofluorescence labeling was established by 
pre-incubation with excess antigen, which effectively blocked cell staining. The secondary antibodies did not 
stain cells in the absence of primary antibodies.  
Cell culture and transfection  
NIH-3T3 fibroblasts were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 
serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U l–1 penicillin and 100 µ g ml–1 streptomycin at 37°C in a 
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humidified 5% CO2 atmosphere. Cells were subcultured at 50-70% confluence; assays were performed on cultures 
derived from the same stock, between passages 2 and 8. Transfections were performed using LipofectAMINE™ 
2000 as recommended by the manufacturer.  
Immunofluorescence  
Cells were grown on No. 1 thickness acid-washed glass coverslips. For experiments, cells 30-40% confluent were 
placed in serum-free medium for 16-24 hours and then treated with 10 ng ml–1 EGF, 10 nM bombesin or 10% serum 
for the times specified in the figure legends. Treatment with 30 mM BDM was performed in serum-free medium 
supplemented with 0.5% bovine serum albumin (BSA) and 10 mM glucose; cells were then stimulated with EGF for 
2 minutes.  
Cells were fixed for 10 minutes at room temperature in 4% paraformaldehyde/0.1% glutaraldehyde. Free aldehyde 
groups were quenched with NaBH4, and cells were then stained as described (Pinon et al., 1999). Briefly, after a 
wash with PBS, cells were transferred to a blocking solution composed of 0.1% saponin and 3% BSA in PBS. This 
same buffer was used to dilute primary and secondary antibodies. Coverslips were incubated overnight with 
primary antibodies at 4°C, washed extensively with PBS and incubated for 45 minutes at room temperature with 
secondary antibodies. After washes with PBS, coverslips were mounted in Mowiol (Calbiochem) containing 2% 
n-propylgallate. To stain F-actin, rhodamine-conjugated phalloidin (0.05 ng ml–1) was added to the secondary 
antibody solution. The coverslips were examined on a Nikon Diaphot microscope equipped with a 40× oil 
immersion objective. Digital images were obtained with a Nikon CoolPix 990 camera. The phase-contrast images 
of the immunolabeled cells were routinely collected to confirm the identification of specific cell features. Figures 
were assembled using Adobe Photoshop software. Results shown are representative of 4-25 independent 
experiments.  
For fluorescence ratio imaging, NIH-3T3 cells transfected with GFP were fixed and immunostained with NM301 
followed by Texas-Red-conjugated anti-mouse IgG. Paired images of GFP and Texas Red fluorescence were acquired 
under conditions designed to avoid pixel saturation, inspected to verify alignment and saved as TIFF (8-bit) files . 
Ratio images (NDP kinase A/GFP) were obtained with Scion Image (Scion). Line profiles obtained with Maxim DL 
2.12 (Diffraction Limited) were used for quantitative analysis of fluorescence values in digitized images.  
Measurements of the diameters of NDP-kinase-labeled vesicles were performed in images of cells 
immunolabeled with Ab-1 or NM301. Histograms were constructed using a bin size of 0.5 µ m.  
Subcellular fractionation Membrane preparation  
Isolation of the particulate fraction from quiescent and serum stimulated cells was performed by the method of Del 
Pozo et al. (Del Pozo et al., 2002) with slight modifications. Briefly, serum-deprived cells in 10 cm dishes were 
treated with medium containing 0% or 10% serum for 10 minutes, rinsed with PBS and incubated in ice-cold lysis 
buffer (10 mM Tris, pH 7.4 with HCl, 1.5 mM MgCl2, 5 mM KCl, 1 mM DTT, 0.2 mM sodium vanadate, 1 mM 
PMSF, 1 µ g ml–1 each aprotinin and leupeptin) for 5 minutes. Cells were scraped, homogenized by 15 passes in a 
Dounce homogenizer and the lysates were centrifuged at 700 g for 3 minutes. The supernatants were spun for 15 
minutes at 167,000 g in a Beckman Airfuge; the cytosolic fraction was removed, the membrane pellet was washed 
once with lysis buffer. Samples containing equal amounts of protein were solubilized in SDS-PAGE sample buffer 
with 20 mM DTT, alkylated with 60 mM iodoacetamide and resolved in 15% or 4-20% minigels. Proteins were 
transferred to nitrocellulose and immunoblotted with antibodies to Rac and NM23 as described previously (Otero, 
1997). Immunoblotting with the plasma membrane marker Na+,K+-ATPase was used to verify equal loading of 
control and serum-treated samples. Results are expressed as the proportion of the protein detected in control 
membrane fractions. Proteins were detected by chemiluminescence and quantified using Scion Image.  
Isolation of microtubule-associated endocytic vesicles and  
proteins  
Endocytic vesicles associated with endogenous microtubules were isolated essentially as described by Wolkoff and 
colleagues (Goltz et al., 1992; Oda et al., 1995). Briefly, 80% confluent cells in 15 cm plates were washed with 
PBS, scraped into 0.6 ml MEPS buffer (35 mM PIPES pH  
7.1 with NaOH, 5 mM MgSO4, 5 mM EGTA, 200 mM sucrose, 1 mM DTT) containing protease inhibitors (2 mM 
PMSF, 1 mM benzamidine, 2 µ g ml–1 leupeptin) and homogenized by 10-14 passes through a 27G needle. 
Homogenates were centrifuged at 1000 g for 10 minutes to sediment nuclei and large debris. The post-nuclear 
supernatant was centrifuged at 40,000 g for 20 minutes. The supernatant (small vesicles and cytosol) was 
incubated at 37°C for 30 minutes with 20 µ M Taxol (and nucleotides when indicated) to polymerize tubulin. The 
resulting microtubules and associated vesicles were pelleted at 16,000 g for 30 minutes at 4°C. The pellets were 
brought to the original volume with MEPS, taxol was added and the samples were centrifuged at 16,000 g. After a 
115
second wash, pellets were solubilized in SDSPAGE sample buffer and analysed as described above. Results shown 
are representative of 3-12 separate experiments.  
To determine whether NDP kinase is initially associated with vesicles or soluble tubulin, the supernatant of the 
40,000 g step was centrifuged at 230,000 g for 1 hour in a TLA 100.3 rotor (Beckman Coulter) to sediment 
membrane vesicles. The supernatant was incubated with taxol as described above to polymerize soluble tubulin, 
and centrifuged at 16,000 g . Both pellets were washed twice with MEPS and analyzed by immunoblotting. 
 
Results  
NDP kinase is associated dynamically with membrane ruffles and constitutively with 
intracellular vesicles  
 
Fig. 1. Localization of NDP kinase in quiescent and EGF-treated NIH-3T3 cells.  
(a) In resting cells, NDP kinase accumulates in ring-like structures (v) that correspond to phase-bright 
cytoplasmic vesicles (b). (c) In cells treated with 10 ng ml–1 EGF for 2 minutes, NDP kinase is present in 
lamellipodia and ruffles (r) as well as around cytoplasmic vesicles (v); (d) the corresponding phase-contrast image. 
Arrowheads indicate areas where the intensity of the fluorescence signal does not coincide with phase-dark areas. 
NDP kinase was visualized with polyclonal Ab-1. Scale bar, 25 µ m.  
In quiescent, serum-starved NIH-3T3 fibroblasts, staining of NDP kinase with an antibody that recognizes 
NDP kinases A and B (Ab-1) reveals a cytosolic distribution pattern, more intense in the thicker central area 
(Fig. 1a). In many cells, NDP kinase forms ring-like structures, and phase-contrast microscopy (Fig. 1b) 
shows that most of these rings correspond to phase-bright vesicles of various sizes that are scattered through 
the cytoplasm, particularly around the nucleus. NDP kinase is associated with the outer rim of these 
structures, and is most conspicuous around large perinuclear vesicles (Fig. 1a).  
In cells treated with EGF, NDP kinases are present not only in the cytosol and in vesicular structures but 
also at well-defined areas of the cell cortex. Fig. 1c shows several features of NDP kinase localization in 
cells exposed to EGF for 2 minutes; similar results were obtained with 5 nM PDGF and with 10% fetal 
bovine serum (not shown). In stimulated cells, NDP kinase staining is apparent in the submembranous 
space of cell protrusions such as ruffling lamellipodia; the large, phase-bright vesicles labeled by NDP 
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kinase in quiescent cells are still prominent after stimulation with EGF (Fig. 1c,d). Translocation of NDP 
kinase to ruffles is a rapid and transient event, being evident within 1 minute of exposure to growth factors 
(Fig. 2) and becoming less pronounced after 30 minutes of continued stimulation (data not shown).  
Areas heavily stained for NDP kinase were not always  
 
Fig. 2. The strong signal for NDP kinase around vesicles and in ruffling membranes is not a volume effect. 
Fluorescence ratio imaging of cells transfected with GFP and stained with anti-NDP kinase-A after treatment with 
10 ng ml–1 EGF for 1 minute. (a) NDP kinase A, (b) GFP and (c) corresponding phase-contrast image. (d) Ratio 
image showing high NDP kinase A/GFP ratios (arbitrarily set as dark areas) at edge ruffles and around large 
vesicles in the perinuclear area. Scale bar, 25 µ m.  
phase dark; by the same token, NDP kinase did not accumulate in all phase-dense regions (Fig. 1c,d, 
arrowheads), suggesting that volume effects are not the main reason for its enrichment in specific areas. 
Nevertheless, given that NDP kinases A and B are abundant proteins, we tested the possibility that the 
increased fluorescence signal observed in ruffles and around vesicles reflected the increased thickness in these 
locations and not actual accumulation of the antigen. To measure the enrichment of NDP kinase around 
vesicles and in ruffles, we examined its distribution in cells transfected with GFP, a soluble protein that 
behaves as a volume marker for the cytosol (Kaksonen et al., 2000) and analysed the data by fluorescence 
ratio imaging. Fig. 2 shows a GFP-expressing cell stained with the antibody specific for NDP kinase A 
after a short (1 minute) exposure to EGF. Although the signal for both GFP and NDP kinase A is strong in 
the cell body, the two patterns are mostly distinct. NDP kinase A (Fig. 2a) is concentrated at ruffling 
lamellipodia and forms a ring around one of several perinuclear vesicles seen in the phase-contrast image 
(Fig. 2c). By contrast, GFP is not present in ruffles and is excluded from, but does not accumulate around, 
vesicles (Fig. 2b). The ratio image (Fig. 2d) illustrates the high ratios of NDP kinase A to GFP in the 
ruffling edge (15:1 – 20:1) and at the rim of the vesicle seen in Fig. 2a (2:1 – 3:1), and reveals a feature that 
is not obvious from the fluorescent image (Fig. 2a), namely that other vesicles are faintly positive for NDP 
kinase A. This analysis is consistent with a genuine enrichment of NDP kinase around vesicles as well as 
in ruffling membranes.  
Comparison of Figs 1 and 2 shows that the monoclonal antibody specific to NDP kinase A and the 
polyclonal antibody that recognizes both NDP kinase A and B yield similar results, suggesting that these 
two isoforms coexist within the same areas of a cell. Therefore, in the following sections we refer to NDP 
kinase A and B jointly as NDP kinase.  
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 NDP kinase is translocated to ruffles in response to bombesin, a GPCR agonist  
To determine whether the intracellular distribution of NDP kinase could be changed by stimulation of 
membrane receptors other than receptor tyrosine kinases (RTKs) such as the EGF and PDGF receptors, we 
also examined the localization of NDP kinase in cells stimulated by bombesin, which acts through a GPCR 
(Kjöller and Hall, 1999). Exposure of quiescent cells for 5-10 minutes to bombesin induced membrane 
ruffles that stained brightly for NDP kinase (Fig. 3a). Thus, stimulation of GPCRs, as well as RTKs, 
triggers the translocation of NDP kinase to the cell cortex.  
Membrane ruffling results from profound changes in the organization of the actin cytoskeleton, with 
increased accumulation of F-actin at the cortex (Ridley et al., 1992). To determine whether the translocation 
of NDP kinase to ruffles is related to the redistribution of F-actin or actin binding proteins, we labeled 
stimulated cells with phalloidin and anti-NDP kinase. Fig. 3b shows the distribution of F-actin in a cell 
incubated with bombesin; similar results were obtained in cells treated with EGF. There is some overlap 
between NDP kinase staining and the intense F-actin signal at the edge of cells and at the tip of ruffles but 
the NDP kinase signal in ruffles typically forms broad patches that extend towards the center of the cell 
(Fig. 3a, arrowheads), well beyond the areas rich in F-actin. There is little or no co-localization of the two 
proteins elsewhere, with NDP kinase being absent from the stress fibers detected by phalloidin and the focal 
adhesions outlined by an antibody to vinculin (not shown). Notably, the vesicles labeled by NDP kinase 
antibodies (Fig. 3a, arrows) do not stain with phalloidin. In vitro studies with the purified proteins show no 
interaction between actin and NDP kinase (not shown). Thus, it appears that localization of NM23 to the 
cell periphery does not depend on a direct interaction with F-actin. To verify this hypothesis, we used BDM, 
which reduces ruffling (Rottner et  
Fig. 3. Stimulation of cells with bombesin, a GPCR agonist, also induces translocation of NDP kinase to the 
actin-rich cell cortex. Serum-starved cells were treated with 10 nM bombesin for 10 minutes, then stained with 
Ab-1 antibody (a) and rhodamine-phalloidin (b). Arrows show accumulation of NDP kinase around vesicles. The 
arrowheads indicate patches where NDP kinase staining extends beyond the actin-rich ruffling edge. Scale bar, 25 
µ m.  
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Fig. 4. BDM suppresses NDP kinase translocation to the cell cortex. Cells were pre-incubated with 30 mM BDM 
for 30 minutes as described in Materials and Methods. The incubation was continued in the presence of 10 ng ml–1 
EGF for 2 minutes, followed by fixation and labeling with anti-NDP kinase A (a) and rhodamine-phalloidin (b). 
Notice the absence of NDP kinase staining in cell protrusions that remain enriched in F-actin (b, arrowheads). 
Scale bar, 50 µ m.  
al., 1999) but does not interfere with actin polymerization (Cramer and Mitchison, 1995). When cells were 
treated with BDM prior to stimulation with EGF, NDP kinase remained in the cell body (Fig. 4a), whereas 
significant amounts of F-actin were observable at the cortex (Fig. 4b). BDM has no effect on the enzymatic 
activity of purified erythrocyte NDP kinase (B.  
K.A.P. and A.d.S.O., unpublished). Taken together, these data imply that NDP kinase does not interact 
directly with F-actin and is translocated to the cell periphery through a mechanism distinct from binding to 
microfilaments. Given that BDM is a low-affinity myosin ATPase inhibitor, it is conceivable that a 
member of the large myosin family is involved on NDP kinase translocation. We are currently exploring 
this possibility.  
Rac controls the translocation of NDP kinase to ruffles in response to activation of membrane 
receptors  
Activation of Rac, a member of the Rho family of small GTPases that regulates the formation of 
lamellipodia and membrane ruffles, is a shared step in the response of fibroblasts to stimulation of different 
types of receptors (Kjöller and Hall, 1999). Our observations in cells responding to growth factors and 
bombesin suggest that localization of NDP kinase to the cell periphery is linked to a common event, 
possibly Rac activation. To test this hypothesis, we examined the distribution of NDP kinase in cells 
expressing a constitutively activated form of Rac1, RacG12V. Expression of RacG12V (Fig. 5a) induced 
extension of lamellipodia in unstimulated, serum-starved cells as expected (Ridley et al., 1992) and also 
promoted the appearance of NDP kinase at the periphery (Fig. 5b). By contrast, NIH-3T3 cells expressing 
the dominant negative Rac mutant RacT17N did not extend lamellipodia in response to EGF (Fig. 5d) and 
showed the perinuclear staining for NDP kinase typical of quiescent cells (Fig. 5e). The  
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numbers and appearance of NDP kinase-labeled intracellular vesicles were similar in cells expressing Rac 
mutants and in neighboring untransfected cells (Fig. 5b,e), indicating that Rac controls only the recruitment 
of NDP kinase to the cortex.  
Tiam1 is not involved in NDP kinase translocation  
Although NDP kinase and activated Rac co-localize in lamellipodia (Fig. 5a,b, arrow), NDP kinase does not 
bind directly to Rac (Otsuki et al., 2001) (K.A.P. and A.d.S.O., unpublished). Therefore, its connection to 
activated Rac is likely to be mediated by another cell component. NDP kinase A associates with a 
Rac1-specific nucleotide exchange factor, Tiam1 (Otsuki et al., 2001; Palacios et al., 2002). However, the 
idea of a Tiam1-mediated redistribution of NDP kinase to the cortex as a response to growth factors and 
bombesin is not supported by our results. Fig. 6 shows that there is limited overlap of the signals for NDP 
kinase A and Tiam1 at ruffles following exposure to EGF for 2 minutes. In particular, NDP kinase was 
visible throughout ruffling areas in cells, whereas Tiam1 staining was confined to small areas of the cell 
periphery (Fig. 6). This result is consistent with previous work showing that Tiam1’s ability to translocate 
to membranes and to act as a GEF for Rac is markedly reduced in cells cultured in low or no serum media 
(Michiels et al., 1997; Bourguignon, 2000). Thus, under our experimental conditions, Tiam1 is not likely 
to be responsible for the translocation of NDP kinase to the cell cortex.  
Cell stimulation promotes association of NDP kinase with membranes  
The cortical staining of stimulated cells with NDP kinase antibodies might reflect an actual translocation 
from the  
Fig. 5. Rac induces recruitment of NDP kinase to ruffles. Cells transfected with HA-tagged RacG12V (a,b,c) or 
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RacT17N (d,e,f) were serum starved. Cells expressing RacG12V were fixed directly, whereas those expressing 
T17N Rac were first treated with EGF for 2 minutes. Samples were double labeled for the HA tag (a,d) and NDP 
kinase (b,e) with Ab-1. (c,f) Phase contrast images. In the cell that expresses activated Rac (a), NDP kinase is 
visible at the edge of the lamellipodium (b, arrow) and around vesicles (b, arrowheads). Expression of T17N Rac 
(d) inhibits accumulation of NDP kinase in ruffles in response to EGF (e; compare the transfected cell on the left 
with those on top right) but does not affect vesicular NDP kinase (e, arrowhead). Scale bar, 20 µ m.  
 
120
 Fig. 6. Limited overlap of Tiam1 and NDP kinase in ruffles. Serum-starved cells were treated with 10 ng ml–1 EGF 
for 2 minutes. Cells were stained with anti-NDP kinase A (a) and anti-Tiam1 (b) antibodies; (c) phase contrast 
image. Notice that NDP kinase is present throughout the ruffle, whereas Tiam1 is confined to a small area 
(arrow). The merged image (d) highlights the limited overlap between the signals for Tiam1 and for NDP kinase. 
(c) Scale bar, 25 µ m.  
cytosol to the plasma membrane, as observed with activated Rac. To test this hypothesis, we compared the 
distribution of Rac and NDP kinase by two independent approaches. First, we performed a line scan analysis 
of images of cells treated with EGF and fluorescently stained for endogenous Rac and NDP kinase. Fig. 7A 
shows that the fluorescence intensities for both NDP kinase and Rac are correlated only in peripheral ruffles. 
The two proteins do not co-localize elsewhere in the lamellipodium and, as seen also in Fig. 3b, the signal 
for NDP kinase, but not Rac, increases across a large patch immediately behind the ruffling region. Neither 
protein localizes to less active areas of the plasma membrane, indicating that the appearance of cortical NDP 
kinase is associated with ruffling activity. To confirm this result, we also compared the NDP kinase content 
of membrane fractions isolated from quiescent and serum-stimulated cells. Immunoblotting with antibodies 
to Rac and NDP kinase shows that the amounts of both proteins in the particulate fraction are similarly 
increased (3.5 times) following serum stimulation, whereas the plasma membrane marker Na+K+-ATPase 
remains unchanged, as expected (Fig. 7B).  
Overall, these results demonstrate that, in NIH-3T3 cells, stimulation of surface receptors that lead to Rac 
activation  
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Fig. 7. Cell stimulation increases the association of NDP kinase and Rac with cell membranes. (A) Merged image 
of serum-starved cells treated with EGF for 2 minutes and stained for Rac (red) and NDP kinase (Ab-1; green); areas 
of overlap appear in yellow. The line scan analysis shows the fluorescence intensities of Rac and NDP kinase 
along the white line in the image. Scale bar, 25 µ m. (B) Subcellular fractionation of quiescent and serum-treated 
cells was as in Methods. The particulate fraction was immunoblotted with antibodies to NDP kinase (NDPK), Rac 
and Na+,K+-ATPase, a plasma membrane marker.  
triggers the translocation of a pool of NDP kinase to the cell periphery without affecting vesicular NDP 
kinase. The shift of NDP kinase towards the cell cortex is rapid, being evident within 1 minute of treatment 
with EGF, and results in extensive co-localization of NDP kinase and activated Rac at lamellipodia but does 
not involve a direct interaction with Rac, Tiam1 or F-actin.  
Characterization of the vesicles labeled by NDP kinase  
The results above show that the Rac-related events that lead to the dynamic targeting of NDP kinase to 
ruffles differ considerably from the biochemical processes responsible for its constitutive association with 
vesicles. To define more clearly the mechanism by which NDP kinase assembles around vesicles, we first 
characterized their morphology and protein composition. Fig. 8A shows the size distribution of 
NDP-kinase-labeled vesicles, which covers a range of 0.7-6.9 µ m with a median diameter of 2.3 µ m 
(n=209). There is no statistically significant difference (P=0.19) between the size distribution of 
NDP-kinase-labeled vesicles in resting and stimulated cells. The large size and variable diameter of these 
vesicles, as well as lack of overlap of NDP kinase staining with internalized transferrin (not shown), 
indicate that they do not represent small, uniform sized clathrin-coated pits. Although  
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Fig. 8. Characterization of the vesicles labeled by NDP kinase. (A). Size distribution of NDP kinase-labeled 
vesicles. The histogram was built as described in Materials and Methods. (B) NDP kinase is associated with 
vesicles labeled by LAMP-1. This image shows the immunolocalization of NDP kinase with Ab-1 (red) and 
LAMP-1 (green) in quiescent cells. NDP kinase labels the periphery (a) of vesicles, whereas LAMP-1 is visible in 
the lumen (b, arrows); a circular ruffle (arrowhead) is stained only by NDP kinase. Scale bar, 25 µ m.A large 
vacuole positive for both NDP kinase (c) and LAMP1 (d) has a multivesicular appearance. Scale bar, 5 µ m.  
NDP-kinase-labeled vesicles have many characteristics of the macropinosomes formed by the closing of 
ruffles (broad size distribution, appearance in phase-contrast optics) (Swanson and Watts, 1995), they lack 
basic features of these structures. For instance, if NDP kinase were associated with macropinosomes, one 
would expect to see an increase in the number of labeled vesicles following Rac activation, which 
stimulates macropinocytosis in murine fibroblasts (Ridley et al., 1992), yet we observed no significant 
effects of Rac activation on vesicle-associated NDP kinase. More importantly, the structures coated by NDP 
kinase are not accessible to a fluorescent endocytic tracer (Texas Red dextran) even after an 18 hour chase 
(not shown), and therefore do not appear to be involved in fluid phase uptake.  
The vesicles labeled by NDP kinase are also distinct from structures containing Rab4 (data not shown), a 
marker of early endosomes (Van der Sluijs et al., 1991). However, double labeling of quiescent NIH-3T3 
fibroblasts for NDP kinase and the lysosome-associated membrane protein 1 (LAMP-1) sometimes shows a 
significant overlap of the two signals in phase-bright vesicles. NDP kinase accumulates around the  
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cytoplasmic surface of the vacuoles, whereas LAMP-1 labels the lumen (Fig. 8Ba,b). Because LAMP-1 is a 
membrane protein, its apparent localization in the lumen of late endosomes is likely to be a consequence of 
smaller vesicles being present in the lumen of the larger vacuoles. Indeed, occasionally, the 
LAMP-1-positive vacuoles labeled by NDP kinase are very large and contain clusters of smaller, round 
vesicles (Fig. 8Bc,d). The morphological features and strong labeling with anti-LAMP-1 suggests that these 
structures are multivesicular bodies (MVBs), which are part of the late endosomal compartment and 
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participate in the sorting of endocytosed proteins and lipids (Felder et al., 1990). However, late endosomes 
and MVBs should accumulate internalized fluorescent dextran, whereas the vesicles labeled by NDP kinase 
do not. Thus, the NDP-kinase-positive vesicles, including those with multivesicular appearance, belong to 
an atypical intracellular compartment that is not active in the classical endocytic pathway.  
NDP-kinase-labeled vesicles co-localize with microtubules  
MVB-like organelles that are not involved in fluid phase uptake have been identified in neurons through 
their association with a member of the kinesin superfamily of microtubule motors, KIFC2 (Saito et al., 
1997). Given that NDP kinase co-localizes partially with the microtubular network in epithelial cells 
(Pinon et al., 1999) and the centrosome of C6 glioma cells (Roymans et al., 2001), we investigated the 
relationship between microtubules and the vesicles coated with NDP kinase by double labeling with 
antibodies to α -tubulin and NDP kinase (Fig. 9). Although treatment with EGF induces pronounced 
accumulation of NDP kinase in ruffles, microtubules are largely absent from ruffling areas (not shown). 
However, the signals for the two proteins overlap distinctly around the vesicles labeled by NDP kinase, 
indicating that the vesicles interact simultaneously with microtubules and NDP kinase. The co-localization 
of tubulin and NDP kinase at the periphery of vesicles is not a result of serum deprivation because it is also 
observed in cells cultured in complete medium (Fig. 9). Depolymerization of microtubules with nocodazole 
eliminates association of tubulin and NDP kinase with large intracellular vesicles (Fig. 9). Thus, clustering 
of NDP kinase at the periphery of vesicles depends on an intact microtubular network.  
NDP kinase is associated with membranes that bind to microtubules in vitro  
Our observations are suggestive of an interaction between NDP kinase and microtubule-bound vesicles. To 
determine whether the overlap in staining reflects a physical association between NDP kinase and 
microtubule-associated vesicles, we took advantage of a cell-free assay that reproduces the in vivo 
association between endosomes and microtubules (Goltz et al., 1992; Oda et al., 1995), thus putting the 
morphological results to a biochemical test. A fraction containing light membranes and cytosol was 
obtained from NIH-3T3 cells. Endogenous tubulin was polymerized with taxol, and pelleted at g forces 
sufficient to sediment microtubules and associated structures, but not isolated membranes. The pellet 
(MT/Ves) was washed extensively and subjected to immunoblot analysis. The MT/Ves fraction contains 
NDP kinase, tubulin, Rab4 and LAMP-1 (Fig. 10), indicating that both early and late endosomal 
membranes associate with microtubules under our conditions. Stimulation of cells with EGF does not affect 
the amount of NDP kinase, tubulin or LAMP-1 in the MT/Ves fraction but eliminates Rab4 from the 
pellet (Fig. 10). Translocation of Rab4 from endosomes to the cytosol in response to stimulation was 
previously reported in adipocytes treated with insulin (Cormont et al., 1993) and our data show that EGF 
has the same effect in fibroblasts. The lack of effect of EGF on the levels of NDP kinase bound to the 
MT/Ves fraction is consistent with our observations that the association of NDP kinase with vesicles is not 
altered by extracellular stimulation (Fig. 9) or by expression of activated or dominant-negative Rac (Fig. 5).  
NDP kinase co-immunoprecipitates from cell lysates with tubulin (Lombardi et al., 1995; Roymans et 
al., 2001) and co-localizes partially with microtubules in intact cells (Pinon et al., 1999), although purified 
NDP kinase does not bind directly to microtubules (Melki et al., 1992). To determine whether the NDP 
kinase pool bound to the MT/Ves pellet was associated with tubulin prior to the formation of microtubules, 
the postnuclear supernatant was centrifuged at 230,000 g to sediment membranes. The supernatant (cytosol) 
was removed, incubated with taxol to polymerize soluble tubulin and centrifuged at 16,000 g. When both 
pellets were washed and examined for their NDP kinase content by immunoblotting, we found that NDP 
kinase is present in the membrane pellet but not in the microtubule pellet (not shown). Thus, the NDP 
kinase in the MT/Ves pellet derives from membranes, not the tubulin component. This result demonstrates 
that the association of NDP kinase with the MT/Ves fraction is specific and not due to trapping of this 
abundant cytosolic protein in the microtubule pellet.  
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Fig. 9. Microtubular association of NDP kinase-labeled vesicles.  Cells were fixed and double stained with 
antibodies to NDP kinase (Ab-1) and α -tubulin after being serum starved for 18 hours (–serum), kept in complete 
medium (+serum) or treated with 33 µ M nocodazole for 1 hour (nocodazole). Arrowheads show vesicular structures 
visible in phase contrast, which are labeled by antibodies to α -tubulin and NDP kinase in serum-starved and 
serum-treated cells (left and middle, respectively). Labeling of vesicles is lost in cells treated with nocodazole 
(right). Scale bar, 20 µ m.  
Fig. 10. NDP kinase pellets with microtubules and endosomal vesicles. Prior to 
homogenization, cells were incubated in the absence and presence of 10 ng ml–1 
EGF for 15 minutes. Taxol-stabilized microtubules and associated membranes 
were then isolated as described in Materials and Methods, in the absence of 
nucleotides. Fractions were analysed by immunoblotting with antibodies to NDP 
kinase, tubulin and the endosomal markers Rab4 and LAMP-1.  
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 Nucleotides release NDP kinase from microtubule-bound endosomes  
Formation of taxol-stabilized microtubules is usually performed in the presence of GTP, even though (at 
appropriate concentrations) taxol alone is sufficient to induce complete polymerization (Oda et al., 1995). 
Indeed, inclusion of 1 mM GTP in the incubation with Taxol does not affect the amount of tubulin in the 
MT/Ves pellet; neither does it affect the association of early and late endosomal membranes with the 
microtubule pellet, as indicated by the unchanged levels of Rab4 and LAMP-1 (Fig. 11A). By contrast, 
GTP induces a striking release of NDP kinase from the pellet; ATP also reduces the association of NDP 
kinase with MT/Ves, but is noticeably and consistently (n=6) less effective than GTP (Fig. 11A). Thus, 
NDP kinase is released from MT/Ves through a nucleotide-sensitive site that shows some specificity for the 
base.  
The nucleotide-induced release of NDP kinase from the MT/Ves fraction qualitatively resembles the 
behavior of the molecular motors dynein and kinesin, whose binding to microtubules and associated 
endosomal vesicles is also responsive to nucleotides (Oda et al., 1995). However, we find that the amounts 
of dynein and kinesin associated with the MT/Ves fraction are not altered by 1 mM GTP or ATP (not 
shown). Presumably the interaction of NDP kinase with MT/Ves is more sensitive to nucleotides than that 
of molecular motors, so the nucleotide concentration used in this work is too low to cause elution of 
significant amounts of dynein and kinesin. For instance, 10 mM ATP releases only 50% of bound dynein 
and kinesin from an analogous fraction obtained from rat liver (Oda et al., 1995), with GTP being slightly 
less effective. Thus, the dissociation of NDP kinase from the MT/Ves pellet by nucleotides is not linked to 
the release of motor proteins and their cargo.  
NDP kinases bind nucleotides with affinities in the range of 10-200 µ M, and guanine nucleotides are 
somewhat preferred over other substrates (Schaertl et al., 1998; Cervoni et al., 2001; Schneider et al., 
2002). Therefore, the simplest explanation for the preferential release of NDP kinase from the MT/Ves 
fraction by GTP is that it involves binding of the nucleotide directly to its catalytic site. However, it is also 
possible that the release of NDP kinase from the MT/Ves fraction is secondary to the interaction of GTP 
with a highly selective binding site, perhaps a GTP-binding protein, and that the effect of ATP is indirect, 
requiring its conversion into GTP. To distinguish  
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Fig. 11. Nucleotides release NDP kinase from taxol-stabilized microtubules and associated vesicles. (A) An extract 
from resting cells was divided into equal portions that were incubated with Taxol in buffer supplemented or not 
with ATP or GTP (both at 1 mM); after washes, pellets were tested for NDP kinase, tubulin, Rab4 and LAMP-1. (B) 
As above; binding of NDP kinase to the MT/Ves pellets was assessed in samples where GTP or guanine nucleotide 
analogs were included in the incubation with taxol.  
between these possibilities, we examined the effects of the guanine nucleotide analogs 
guanosine-5′-O-(3-thio)triphosphate (GTPγ S), guanylyl-imidodiphosphate (GMPPNP) and 
guanosine-5′-O-(2-thio)diphosphate (GDPβ  S) on the association of NDP kinase with the MT/Ves fraction. 
If release of NDP kinase by GTP is related to a GTP-binding protein, the activating GTP analogs GTPγ S 
and GMP-PNP are expected not only to act alike but also to have opposite effects to those of GDPβ  S, 
which locks GTP-binding proteins in the inactive form. However, if the release is mediated by the catalytic 
site of NDP kinase, the thiophosphate analogs GTPγ S and GDPβ  S, which are substrates for NDP kinases 
(Schaertl et al., 1998), should behave similarly to GTP. Imidodiphosphate analogs bind to NDP kinases 
with low affinity and are not substrates (Cervoni et al., 2001), so GMP-PNP should have modest effects, if 
any, on the retention of NDP kinase by the MT/Ves fraction. As seen in Fig. 11B, 1 mM GTPγ S and 
GDPβ  S, but not GMP-PNP, are as effective as GTP in eluting NDP kinase, suggesting that the 
nucleotide binding site involved is that of NDP kinase. 
 
Discussion  
To investigate further the role of NDP kinase in transmembrane signaling, we sought to identify subcellular 
compartments in which it is present in resting cells and to determine whether activation of surface receptors 
can cause rapid changes in the pattern of NDP kinase localization. We found that, in NIH-3T3 cells, there 
are two discernible cytoplasmic pools of NDP kinase whose location is regulated independently by distinct 
cellular signals: a proportion of the cellular NDP kinase is rapidly translocated to lamellipodia and ruffles in 
response to activation of RTKs and GPCRs, whereas another NDP kinase pool is associated with 
cytoplasmic vesicles in both quiescent and stimulated cells. Comparison with the distribution of the 
cytosolic protein GFP shows that the intense staining seen around vesicles and in ruffles is not a volume 
effect but reflects real accumulation of NDP kinase. The clear differences between cortical and vesicular 
NDP kinase pools in terms of localization and response to extracellular stimulation suggest strongly that 
they use different targeting devices.  
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Although we used two different antibodies as tools, a monoclonal specific to NDP kinase A and a 
polyclonal that recognizes both NDP kinase A and B both highlight the same structures. This is not 
surprising, given that the bulk of mammalian NDP kinases A and B are present in cells as stable mixed 
hexamers (Gilles et al., 1991). This finding is also consistent with a report that isoforms A and B are 
similarly distributed in the cytoplasmic space under normal culture conditions (Pinon et al., 1999); 
nevertheless, the possibility that the ratio of one isoform to another might change substantially as a 
function of the compartment examined (Barraud et al., 2002) cannot be overlooked. Another caveat is that 
the antibodies used here were tested against NDP kinase A and B, which are by far the most abundant 
isoforms in mammals (Lacombe et al., 2000). Given that some NDP kinase proteins are yet to be isolated, 
it is possible (although unlikely) that our results reflect the localization of cross-reacting NDP kinase 
isoforms that are expressed at low levels and undetectable by immunoblotting but might be concentrated in 
specific cell locations; a definite answer will have to await the purification of all NDP kinase isoforms and 
development of high-affinity isoform-specific tools.  
Translocation of molecules into ruffles is often achieved by binding to proteins enriched in these 
structures, such as F-actin or activated Rac1. However, NDP kinase does not bind to F-actin or Rac in 
vitro. NDP kinase also does not carry consensus sequences found in Rac effectors, Rac GEFs or in Rac 
GTPase activating proteins. Therefore, its connection to Rac activation is probably indirect. Otsuki et al. 
reported that NDP kinase A associates with the Rac1 nucleotide exchange factor Tiam1 and that 
overexpression of NDP kinase A inhibits the activating effect of Tiam1 on Rac (Otsuki et al., 2001). 
However, our experiments show that, in serum-starved NIH-3T3 cells stimulated briefly with EGF, ruffles 
that are strongly stained for NDP kinase contain little Tiam1, suggesting that association with Tiam1 does 
not mediate translocation of NDP kinase A upon Rac activation. Recently, Palacios et al. demonstrated 
that, in MDCK epithelial cells, the small GTPase ARF6 mediates the recruitment of heterologously 
expressed human NDP kinase A to areas of cell-cell contact (Palacios et al., 2002). Once translocated to 
these sites, NDP kinase A would facilitate dynamin-dependent endocytosis and downregulate Rac activation 
by binding Tiam1. We are currently investigating whether an analogous interaction with ARF6 can mediate 
the rapid translocation of endogenous NDP kinase to the cortex of stimulated NIH-3T3 fibroblasts.  
NDP kinase B was also found to be directed to ruffles, through interaction with ICAP1-α (Fournier et al., 
2002). However, we use adherent cells and ICAP1-α reportedly affects cell morphology and behavior only 
during cell adhesion (Degani et al., 2002), so a similar mechanism is not likely to be responsible for the 
rapid translocation of NDP kinase in response to EGF and bombesin reported here.  
The marked effect of BDM on NDP kinase localization (Fig. 4) suggests yet another alternative, namely 
that a member of the myosin family might be involved. However, because BDM is also known to affect 
calcium homeostasis and microtubule function (Kiehart, 1999), the precise mechanism of its action requires 
careful investigation. Despite the uncertainty as to the underlying mechanism, the demonstration that a 
proportion of cellular NDP kinases is quickly redistributed following cell stimulation and Rac activation 
strongly supports previous data indicating that these proteins are involved in signaling (reviewed in Otero, 
2000).  
The finding that, in NIH-3T3 cells, NDP kinase localizes constitutively to the surface of intracellular 
vesicles was surprising. Based on their inaccessibility to a fluid phase uptake marker, we conclude that these 
structures are not macropinosomes. Some of the structures ringed by NDP kinase in quiescent cells contain 
LAMP-1, a marker of late endosomes/lysosomes; occasionally, the NDP kinase/LAMP-1-positive vesicles 
resemble multivesicular bodies, which are part of the late endosomal compartment. However, double 
labeling with markers for endocytic compartments indicates that the vesicles labeled by NDP kinase 
antibodies are distinct from early and recycling endosomes, and lack fundamental features of late endosomes 
and MVBs. Thus, most of the NDP-kinase-positive vesicles are not conventional endocytic organelles and 
might be part of the secretory pathway. Although the analysis of the protein composition of the vesicles 
coated by NDP kinase is currently being performed, the possibility of a link between NDP kinase and 
secretory vesicles is backed by recent work showing that, in neurons, NDP kinases localize to membranes 
from the Golgi and endoplasmic reticulum, and to vesicles budding from the trans-Golgi (Barraud et al., 
2002).  
The morphological evidence presented here points to an interaction between NDP kinase and discrete 
vesicles that associate with microtubules. The co-localization of NDP kinase and tubulin seen by 
immunofluorescence is not coincidental: a separate experimental approach using a cell-free assay 
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demonstrates that the overlap reflects a physical association between NDP kinase, stabilized microtubules 
and membrane vesicles. The tight binding of NDP kinase to this fraction and the full release induced by 
GTP and other substrates suggest that the interaction is specific. We hypothesize that the dynamic 
association of NDP kinase with microtubule-bound vesicles in fibroblasts is relevant to the operation of the 
multiple GTPases that control intracellular membrane transport. Namely, in vivo, NDP kinase might 
associate with microtubule-bound vesicles when GTP levels are low, using nucleoside triphosphates such as 
ATP to phosphorylate GDP, whereas a rise in GTP levels leads to its release. Our data agree with studies 
by other groups implicating NDP kinase in intracellular vesicle trafficking processes. Thus, NDP kinase B 
is a component of isolated phagosomes (Garin et al., 2001) and the Drosophila homolog of NDP kinase, 
Awd, regulates dynamin-dependent synaptic vesicle recycling through a mechanism that requires its intrinsic 
NDP kinase activity, presumably GTP regeneration (Krishnan et al., 2001). Facilitation of dynamin-based 
endocytosis by NM23-H1 was also reported for mammalian cells (Palacios et al., 2002). Recently, Baillat 
et al. (Baillat et al., 2002) demonstrated a direct interaction between NDP kinase and dynamin I, as well 
NDP kinase and phocein, which is homologous to the σ subunits of clathrin adaptor subunits, supporting 
the idea that NDP kinase plays a role in vesicular traffic.  
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